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ABSTRACT 


This  project  dealt  with  the  formation,  characterization  and  properties  of  corrosion  resistant 
polypyrrople  and  substituted  polypyrrole  coatings.  Environmentally  friendly  aqueous 
electrochemical  polymerization  was  used  to  apply  polypyrrole  coatings  to  low  carbon  steel 
(99.9%  (Fe),  0.1%  C)  substrates.  Constant  current  electrochemical  polymerization  was  used 
throughout  the  course  of  this  project.  The  progress  of  the  electrochemical  reactions  was  followed 
by  tracing  the  potential  time  (E-t)  curve  as  a  function  of  the  reaction  variables.  The  E-t  traces 
showed  that  while  the  electrochemical  polymerization  of  pyrrole  and  methylpyrrole  occurred 
instantaneously  in  basic  medium  (pH  >  8.4),  three  distinct  reactions  occurred  in  acidic  medium 
(pH  <  6.0).  These  reactions  were  identified  as  the  dissolution/oxidation  of  steel,  formation  and 
precipitation  of  passive  iron(II)oxalate  on  steel  and  electropolymerization.  Electropolymerization 
commenced  after  steel  was  completely  covered  by  the  passive  coatings.  The  transition  of  steel 
from  a  reactive  substrate  to  a  passive  substrate  is  marked  by  the  change  in  the  electrode  potential 
from  negative  values  (~-0.44  vs  SCE)  to  positive  values  >  0.65.  The  passivation  time  varied  with 
the  pH  of  the  medium  and  the  applied  current.  Increasing  the  applied  current  decreased  the 
passivation  time.  In  acidic  medium,  the  passivation  time  was  minimum  at  pH  2-3  and  maximum 
at  pH  6. 

The  surface  structure  and  chemical  composition  of  the  passive  coatings  and  the  extent  of 
doping  of  polypyrrole  coatings  were  studied  SEM,  XRD,  XPS  and  RAIR.  It  was  shown  that  the 
passive  coatings  was  iron(II)dihydrate  and  that  polypyrrole  coatings  contained  about  0.33  mole 
fraction  of  the  oxalate  ions. 

The  adhesion  strength  of  the  polypyrrole  and  poly(N-methylpyrrole)  coatings  to  steel  was 
determined  by  Lap  joint  shear  test  using  EPON  828/polymeric  curing  agent  adhesive  system.  The 
adhesion  strength  of  the  polypyrrole  coated  steel  was  about  56%  higher  than  that  for  uncoated 
steel.  The  adhesion  strength  varied  with  the  electrochemical  process  parameters.  Low  pH  and  low 
current  densities  produced  coatings  with  highest  adhesion  strength  ~23  MPa.  The  corrosion  rate 
of  the  polypyrrole  coated  steel  was  shown  to  be  very  low  2.9-0.16  mpy  compared  to  that  for  the 
control  41.36  mpy. 
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PREFACE 


This  report  contains  the  results  obtained  from  the  Young  Investigator  Program  Grant  N000 14-95- 
1-0485  which  was  concerned  with  the  formation  of  corrosion  resistance  coatings  by 
Electrochemical  polymerization.  All  the  reaction  performed  in  this  project  were  carried  out  in 
solutions  prepared  in  environmentally  friendly  deionized  water.  Electropolymerization  was 
carried  out  galvanostatically  in  an  attempt  to  keep  the  properties  of  the  coatings  constant.  It  was 
shown  that  both  the  pretreatment  and  coating  of  steel  occurred  during  electrochemical 
polymerization.  Furthermore,  the  formation,  structure  and  properties  of  the  passive  films  and 
coatings  were  found  to  be  dependent  on  the  electrochemical  process  variables. 

Most  of  the  results  obtained  from  this  project  have  been  extensively  published  in  peer  reviewed 
journals  and  conference  proceedings.  These  papers  are  included  in  this  report.  The  articles  which 
are  still  in  preparation  are  also  included  in  this  report.  An  extended  summary  of  these  papers  is 
also  provided.  The  list  of  the  papers  is  as  follows: 

1 .  "Formation  of  Polypyrrole  Coatings  onto  Low  Carbon  Steel  by  Electrochemical 
Process",  J.  Appl.  Polym.  Sci.,  65, 417-424  (1997). 

2.  "Kinetics  and  Efficiency  of  Aqueous  Electropolymerization  of  Pyrrole  onto  Low- 
Carbon  Steel",  J.  Appl.  Polym.  Sci.,  65,  617-624  (1997). 

3.  "Effects  of  Electrochemical  Process  Parameters  on  the  Synthesis  and  Properties  of 
Polypyrrole  Coatings  on  Steel",  Synthetic  Metals  95,  159-167  (1998) 

4.  "Electropolymerization  of  Pyrrole  on  Steel  Substrates  in  the  Presence  of  Oxalic  acid  and 
Amines",  Electrochemica  Acta,  44,  2173-2184  (1999). 

5.  "Characterization  of  the  Passive  Inorganic  Interphase  and  Polypyrrole  Coatings  Formed 
on  Steel  by  the  Aqueous  Electrochemical  Process",  J.  Appl.  Polym.  Sci.,  71,  2075-2086 
(1999). 

6.  "Morphology  and  Structure  ofthe  Passive  Interphase  Formed  During  Aqueous 
Electrodeposition  of  Polypyrrole  Coatings  on  Steel",  Electrochemica  Acta 
(accepted-  not  included) 

7 .  "Formation  of  Polypyrrole  Coatings  on  Stainless  Steel  in  Aqueous  Benzene 
Sulfonate  Solution",  Electrochemica  Acta,  42(17),  2685-2694  (1997). 


IV 


8.  "Effect  of  Process  Parameters  on  the  Electropolymerization  Potential  and  Rate  of 
Formation  of  Polypyrrole  on  Stainless  Steel",  J.  Appl.  Polym.  Sci.,  66,  2433-2440 
(1997) 

9.  "One  Step  Electrochemical  Process  for  the  Formation  of  Poly(N-methylpyrrole) 

Coatings  on  Steel  in  Different  Media",  Synthetic  Metals,  97, 73-80  (1998). 

10.  "Electrodeposition  of  Poly(N-methylpyrrole)  Coatings  on  Steel  from  Aqueous 
Medium",  J.  Appl.  Polym.  Sci.,  71, 1293-1302  (1999). 

11.  "IR  and  XPS  Studies  on  the  Interphase  and  Poly(N-methylpyrrole)Coatings 
Electrodeposited  on  Steel  Substrates",  Electrochemica  Acta,  44,  3321-3332  (1999).. 

12.  "Adhesion  of  Polypyrrole  Coatings  to  Low-Carbon  Steel",  (in  preparation) 

13.  "Corrosion  Performance  of  Polypyrrole  Coatings  formed  on  Steel  by 
Electrodeposition”,  (in  preparation). 

Papers  1-4  are  concerned  with  aqueous  electrochemical  polymerization  of  pyrrole  on  low-carbon 
steel,  while  papers  5  and  6  deal  with  the  analysis  of  the  coatings  by  SEM,  XPS  and  XRD.  Papers 
7  and  8  discuss  the  formation  of  polypyrrole  on  304  stainless  steel.  Papers  9-11  describe  the 
electrodeposition  and  characterization  of  Poly(N-methylpyrrole)  on  steel.  Finally  Papers  12  and 
13  focus  on  the  properties  of  the  electrodeposited  coatings.  Adhesion  strength  (measured  by  lap 
joint  shear  test)  and  corrosion  resistance  (Tafel  test  and  EIS)  of  the  coatings  were  compared  with 
those  of  the  control  samples  containing  no  coatings. 
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SUMMARY  OF  RESULTS 


Steel  is  susceptible  to  corrosion  in  a  wet  and  an  oxidizing  condition.  Conventional  approaches  to 
protection  of  steel  include  phosphating,  chromating,  sacrificial  metal  and  polymeric  coatings.  Due 
to  environmental  concerns,  escallating  cost  for  part  replacement  and  poor  adhesion  of 
conventional  polymeric  coatings,  alternative  methods  are  highly  desired.  Conducting  polymers 
such  as  polypyrrole,  polyaniline  and  polythiophene  and  their  copolymers  are  excellent  candidates 
for  protection  of  reactive  metals  because  of  the  polar  nature  of  the  monomers,  and  the  electronic 
stability  of  the  tutomeric  structures.  It  is  also  believed  that  a  conductive  polymer  coating  could  be 
a  more  efficient  sacrificial  coating  when  compared  with  zinc,  because  the  conductive  polymer  can 
reversibly  redo-oxidize  without  a  significant  degradation  in  the  physical,  electrochemical  and 
mechanical  properties.  However,  most  conductive  polymers  are  only  spiringly  soluble  in  water, 
the  preferred  medium  for  environmentally  safe  processing.  Additionally,  synthesis  of  conducting 
polymers  is  performed  by  oxidation  and  growth  process.  When  steel  is  used  as  the  substrate,  the 
aqueous  electrochemical  synthesis  of  the  conducting  polymers  competes  with  the  oxidation  of  the 
substrate.  Though  pretreatment  of  steel  prior  to  electropolymerization  could  prevent  the  oxidation 
of  steel,  it  may  not  only  minimize  the  wettability  of  the  substrate  by  the  monomers,  but  may 
render  the  substrate  impermeable  to  the  reactants.  Consequently  a  process  that  could  lead  to  in- 
situ  passivation  and  electropolymerization  is  desired.  The  following  subsections  describe  the 
synthesis,  characterization  and  properties  of  polypyrrole  and  poly(N-methylpyrrole)  coatings 
formed  steel  by  aqueous  electrochemical  process. 

Electropolymerization  of  pyrrole  was  carried  out  galvanostatically  in  a  one-compartment 
electrochemical  cell.  An  EG&G  Princeton  Applied  Research  Potentiostat  /Galvanostat  Model 
273A  was  used  as  the  source  of  power  supply.  A  0.5mm  thick  QD  low  carbon  steel  panel 
purchased  from  the  Q-panel  Company  was  used  as  the  working  electrode.  The  working  electrode 
was  degreased  with  tetrachloroethylene  for  about  an  hour  prior  to  electrochemical  polymerization. 
The  counter  electrodes  comprised  of  two  titanium  alloy  plates.  Saturated  Calomel  elelectrode 
(SCE),  manufactured  by  Coming  Company  was  used  as  reference  electrode.  The  current 
densities  used  in  this  study  ranged  from  0.56  to  11.26  mA/cm^.  The  initial  concentration  of 
oxalic  acid  was  varied  from  0.05  to  0.4  M,  while  the  initial  monomer  concentration  was  varied 
from  0.1  to  0.8  M.  was  performed  for  300  -  2400  seconds. 

Aqueous  electropolymerization  of  pyrrole  on  steel  in  oxalic  acid  solution  occurred  in  three 
distinct  stages  (Fig.  1);  (i)  dissolution  of  steel,  followed  by  (ii) passivation  of  steel  and  finally  (iii) 
deposition  of  polypyrrole.  Passivation  time  decreased  with  increased  applied  current  (Tables  1). 
The  passivation  charge  varied  between  335  (2.7)  and  180  (1.4)  mC/cm^(C)  as  the  applied  current 
was  changed  between  5  and  90  mA. 
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Scheme  1.  E-t  curve  showing  passivation  time,  peak  potential  and  polymerization  potential 


Current  density 
(mA/cm^) 

Passivation  time 
(s) 

Passivation  charge 
(mC/cm^) 

0.56 

598 

335 

1.13 

287 

324 

2.25 

109 

245 

3.38 

67 

226 

4.50 

47 

211 

5.63 

38 

214 

7.88 

28 

220  ' 

11.26 

16 

180 

Table  1.  Dependence  of  passivation  time  and  charge  on  the  applied  current 

The  electropolymerization  potential  of  pyrrole  increased  linearly  with  current  density  and 
decreased  slightly  with  pyrrole  concentration  in  accordance  with  equations  1  and  2: 

Ep  =  0.62  +  0.041  [Cd]  (1) 

Ep  =  E0x  exp*IM]  (2) 

The  amount  of  polypyrrole  coatings  formed  on  steel  increased  proportionately  with  current 
density  and  electropolymerization  time  and  increased  slightly  with  initial  pyrrole  concentration. 


The  rate  of  electropolymerization  of  pyrrole  on  steel  increased  linearly  with  the  applied  current, 
Rp  a  i1-1  and  increased  slightly  with  the  initial  pyrrole  concentration,  Rp  a  [M]0-2,  However,  the 

rate  of  electropolymerization  was  found  to  be  independent  of  oxalic  acid  concentration, 
Rp  a  [Ox]0- 


EFFICIENCY  OF  ELECTROPOLYMERIZATION 


The  conversion,  P  and  current  efficiency,  rj,  for  the  aqueous  electropolymerization  of 
pyrrole  on  low  carbon  steel  were  investigated.  The  conversion  of  pyrrole  into  polypyrrole,  P  = 
{Wp }/{  Wm),  increased  with  electropolymerization  time,  the  applied  current  and  decreased  with 
the  initial  monomer  concentration  (Figures  1-3).  The  oxalic  acid  concentration  had  no  significant 
effect  on  conversion.  The  current  efficiency  for  electropolymerization  of  pyrrole  performed  under 
high  applied  current,  I  (I  >  40  mA)  and  high  pyrrole  concentration  [M]  >  0.5  M,  rose  to  it's 
highest  value  at  short  polymerization  times,  t  <  300  s  (Figs.  4-6).  It  then  decreased  and  levelled 
off  at  longer  times,  t  >  1000  s.  At  low  applied  current,  I  <  20  mA  and  low  pyrrole  concentration, 
[M]  <  0.25  M,  the  current  efficiency  increased  gradually  with  increased  reaction  parameters  ([M], 

I  and  t)  and  reached  a  maximum  value  at  t  =  1000  s  (Figs.  4-6).  A  retrogression  of  the  current 
efficiency  occurred  at  t  >  1000  s,  for  the  reaction  performed  under  an  applied  current  of  10  mA. 
Overall  the  current,  efficiency  varied  between  39  to  130  %  with  the  higher  values  occurring  at 
high  pyrrole  concentration  and  high  applied  current  (Figs.  4-6).  The  current  efficiency  was 

determined  from  the  ratio  of  the  experimental  and  theoretical  electrochemical  equivalent  for 
polypyrrole. 
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Figure  4. 


Dependence  of  conversion  on  oxalic  acid  concentration  (top) 

Dependence  of  current  efficiency  on  the  applied  current  and  time  (bottom). 


Electropolymerization  time  (ks) 
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Figure  5.  Dependence  of  current  efficiency  on  initial  pyrrole  concentration  (top). 
Figure  6.  Dependence  of  current  efficiency  on  oxalic  acid  concentration  (bottom). 
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2.  EFFECT  OF  PROCESS  VARIABLES  ON  PASSIVATION 

Effects  of  pH  and  applied  current  density 

The  pH  of  the  reaction  medium  and  the  applied  current  density(i)  were  systematically 
varied  over  a  wide  range  of  values  while  the  initial  monomer  and  electrolyte  concentrations  were 
kept  constant  at  0.25M  and  0. 1M  respectively. 

Frgures  7  and  8  show  the  potential-time  curves  for  the  formation  of  polypyrrole  coatings  in 
different  reaction  medium  at  two  different  applied  current  densities.  The  electrode  potential  varies 
with  pH  and  time  of  reaction.  At  low  pH  (pH  S  6),  the  induction/passivation  time®  decreased 
with  increasing  applied  current  density,  i.  At  pH  2.4,  the  passage  of  a  current  density  of  0.56 

mA/cm2  resulted  in  an  induction  time  of  about  354  s,  however,  the  induction  time  was  decreased 
to  about  24  s  at  5.63  mA/cm2. 

The  effect  of  applied  current  can  be  clearly  understood  by  considering  the  reacttons  that 
occur  at  pH  6.0.  For  i  <  1 . 1 3  mA/cm2,  t  was  so  large  that  passivation  of  steel  did  not  occur  even 
after  30-minutes  of  reaction.  However,  increasing  i  to  5.63mA/cm2  reduced  x  to  82  s  (Fig.  1 0). 
Figures  11  and  12  show  the  relationship  between  X  and  i  for  pH  <  6.  Increasing  the  applied 

current  decreased  the  passivation  time.  Empirical  relationships  between  X  and  i  were  developed  as 
shown  below: 

pH  =  1.4:  Ln  x  =  5.72  - 1.22  Ln  i  (3) 

pH  =  2.4:  Ln  x  =  5.22  •  1.16  Ln  i  (4) 

pH  =  4.1:  Ln  t  =  5.98  -  1.42Ln  i  (5) 

PH  =  6.0:  Ln  x  =  9.95  -  3.15  Ln  i  (6) 

The  passivation  time  (x)  was  also  shown  to  be  dependent  on  the  pH  of  the  reaction  medium. 
Keeping  the  applied  current,  x  was  shortest  at  pH  2.4  and  was  maximum  at  pH  6.0.  Overall,  x 
varied  with  pH  according  to  following  inequalities: 
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^pH=6.0  >  XpH=4.1  >  ^pH=1.4  >  Tph=2.4  (7) 

It  was  observed  that  the  variation  of  X  with  pH  is  very  large  at  low  current  density,  however,  at 
high  applied  current  densities,  T  attains  a  minimal  value  which  is  independent  pH.  For  example, 
at  i  =  0.56  mA/cm2;  X  =  350  seconds  at  pH  2.4,  however,  X  ~  <*>  at  pH=6.0. 

When  i  was  increased  to  2.25  mA/cm2,  X  obtained  at  pH  2.4  was  similar  to  that  obtained  at 
pH  <4.1.  The  X  obtained  at  pH=6.0,  however,  remained  much  higher  than  those  obtained  at 
lower  pH.  Additional  increase  of  i  to  5.63  mA/cm2,  resulted  in  very  short  T. 

Figure  13  shows  the  dependence  of  the  passivation  charge  on  the  applied  current.  The  passivation 
passed  remained  relatively  constant  and  virtually  independent  of  pH  for  pH<  6.0.  However,  much 

higher  passivation  charge  were  needed  at  pH  6.0  but  the  former  expectedly  decreased  with 
increased  i. 

It  is  believed  that  the  passivation  of  the  iron  in  the  presence  of  oxalate  ions,  is  due  to  the 
formation  of  the  iron(II)  oxalate  interlayer.  We  notice  that  the  formation  of  the  iron  oxalate 

passive  layer  is  also  highly  dependent  on  the  applied  current  density  and  pH  of  the  reaction 
medium. 

The  steady-state  positive  electrode  potential  obtained  at  the  end  of  passivation  is  associated  with 
the  formation  of  polypyrrole.  Figures  14  and  15  show  the  relationship  between  the  steady-state 
electropolymerization  potential  and  the  applied  current  density  for  pH  <  6.  The 

electropolymerization  potential  increases  linearly  with  the  applied  current  density  and  follows  the 
following  relationships: 


pH  =  1.4: 

Ep  =  0.62+  0.038  i 

(8) 

pH  =  2.4: 

Ep  =  0.58  +  0.094  i 

(9) 

pH  =  4.1: 

Ep  =  0.53  +  0.0881 

(10) 

pH  =  6.0: 

Ep=  0.25  +  0.22  i 

(11) 

This  change  of  the  electrode  potential  with  current  density  may  have  something  to  do  with  the 

deficiency  of  electron  transfer  on  the  surface  of  the  electrode.  More  electrons  are  removed  from 

the  electrode  when  the  applied  current  density  is  high.  Due  to  the  slow  reaction  of  the  monomer, 
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the  electron  deficiency  cannot  be  compensated  immediately  by  the  reaction,  thus  the  deficiency  of 
electron  will  result  in  a  positive  potential  change.  It  can  also  be  seen  from  Figure  14  that  higher 
current  densities,  resulted  in  high  electropolymerization  potentials. 

The  E-t  curves  obtained  during  the  formation  of  polypyrrole  in  alkaline  medium  differs  from 
those  obtained  in  acidic  medium.  As  shown  in  Figure  15  passivation  occurs  instantaneously  at 
pFl  8.4  in  agreement  with  the  Pourbaix  diagram,  which  proposes  instantaneous  passivation  of  the 
iron  in  basic  media.  Except  for  the  E-t  curve  traced  at  i  =  5.63  mA/cm2,  all  the  other  E-t  curves 
show  a  maximum  value,  followed  by  gradual  decrease  of  the  electrode  potential  with  time.  It  is 
believed  that  the  passive  interlayer  formed  at  lower  current  density  at  pH  ~  8.4  is  not  very  stable. 
For  the  same  applied  current  density,  the  electropolymerization  potential  of  pyrrole  in  alkaline 
medium  was  much  higher  than  that  in  acidic  medium. 

Effect  of  initial  pyrrole  and  electrolyte  concentration 

The  effect  of  initial  pyrrole  and  electrolyte  concentration  on  the  anodic  polymerization  of  pyrrole 
on  steel  was  investigated  at  pH  1.4.  The  oxalic  acid  concentration  and  the  applied  current  density 
were  kept  constant  at  0.1M  and  2.25mA/cm2,  respectively.  Electrochemical  synthesis  was 
performed  at  four  different  monomer  concentrations:  0. 1M,  0.25M,  0.5M  and  0.8M.  As  shown  in 
Figures  16  and  17,  the  concentration  of  pyrrole  did  not  significantly  affect  the  passivation  time. 
The  electropolymerization  potential,  however,  decreased  slightly  with  increasing  monomer 
concentration.  This  phenomenon  may  be  associated  with  the  nature  of  electorchemcial  reaction. 
The  electropolymerization  of  pyrrole  generally  consists  of  two  continuous  steps.  The  first  step  is 
the  diffusion  of  pyrrole  monomer  to  the  electrode  surface,  the  rate  of  tdiffusion  and  adsorbtion  of 
pyrrole  on  steel  is  determined  by  the  pyrrole  concentration.  The  second  step  is  the  oxidation 
reaction  of  pyrrole  at  the  electrode-electrolyte  solution  interface.  Since  the  applied  current 
density  and  the  electrolyte  concentration  were  kept  constant,  the  rate  of  passivation  and 
polymerization  is  dependent  on  the  monomer  concentration  at  the  interface  per  unit  time.  At  high 
monomer  concentration,  the  positive  charge  at  the  working  electrode  is  rapidly  consumed  by 
pyrrole,  there-by  reducing  the  accumulation  of  charge  on  the  electrode  and  decreasing  the 
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electrode  potential.  At  lower  monomer  concentration,  the  positive  charge  may  not  be  completely 
consumed  by  pyyrole,  thus  some  charge  may  accumulate  on  the  working  electrode,  resulting  in  a 
higher  reaction  potential. 

The  effect  of  electrolyte  concentration  was  investigated  with  0.5M  pyrrole  concentration  and 
applied  current  density  of  2.25mA/cm2.  Electrochemical  reactions  were  carried  out  at  four 
different  electrolyte  concentration:  0.05M,  0.1M,  0.2M  and  0.4M.  The  results  are  shown  in 
Figures  18  and  19.  It  can  be  seen  that  the  1  is  not  significantly  affected  by  the  electrolyte 
concentration.  However,  the  electropolymerization  potential  decreased  gradually  with  increasing 
electrolyte  concentrations.  This  phenomenon  is  expected  since  the  increasing  the  electrolyte 
concentration  can  reduce  the  overall  resistance  of  the  system. 
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Figure  7.  Dependence  of  the  electrode  potential  on  pH,  (i=0.56mA/cm2  (top) 

Figure  8.  Dependence  of  the  electrode  potential  on  pH,  (i=2.25mA/cm2  (bottom) 

[Py]=0.25M,  [RX]=0.1M). 
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Figiire  9  Dependence  of  the  electrode  potential  on  pH,  (i=3.38  mA/cm2  (top) 

igure  10.  Dependence  Potential  on  the  applied  current  (pH  =  6.0  (bottom) 
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Figure  13. 
Figure  14. 


Dependence  of  passivation  charge  on  applied  current  and  pH  (top) 

?nP?nATc^0fr^05m^erizati0n  p0tential  on  aPPlied  current  and  pH  (bottom) 

(L*7J=0.25M,  [RX]=0.1M) 
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Figure  15.  Dependence  of  electrode  potential  on  applied  current  (top),  pH=8.4  ([PvJ=0.25M 

Figure  16.  Dependence  of  electrode  potential  on  the  initial  pyrrole  concentration  (bottom) 

(i=2.25mA/cm2,  [OA]=0.1M). 
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Figure  17. 


Dependence  of  electrode  potential  on  oxalic  acid  concentration  (top) 
(i=2.25mA/cm2,  [OA]=0.1M). 
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3.  MORPHOLOGY  AND  STRUCTURE  OF  THE  PASSIVE  COATINGS 

Characterization.  The  morphology  of  the  coated  and  control  samples  was  examined  by  a  Hitachi 
S-4000  scanning  electron  microscope  (SEM).  X-ray  diffraction  patterns  of  the  passive  interphase 
were  obtained  by  using  a  Philips  X’pert  diffractometer  with  Cu  Ka  radiation  source.  The 

diffractometer  was  operated  at  40  kV  and  50  mA.  A  scanning  step  of  0.04°  in  20  with  a  10  second 

dwell  time  per  step  was  used.  The  samples  used  for  X-ray  measurements  were  prepared  by  using 
polished  steel  sheets. 

In  order  to  have  a  better  understanding  of  the  formation  of  the  passive  interphase,  a  series 
of  samples  were  prepared  by  applying  i=  0.56  mA/cm2  at  pH  1.4  as  a  function  of  time.  Figure  18 
shows  the  SEM  micrographs  of  these  samples.  Numerious  fine  inorganic  crystals  were  deposited 
on  the  steel  after  about  100  seconds  of  reaction  (Figure  18a).  Note  that  the  crystals  are  distributed 
uniformly  on  the  steel  surface,  but  only  about  10%  of  the  surface  was  covered  by  the  crystals. 
The  number  and  size  of  crystals  deposited  on  the  substrate  increased  significantly  after  200 
seconds  of  reaction  (Figure  18b).  The  surface  coverage  was  increased  to  about  25%.  Additional 
crystals  were  deposited  on  the  substrate  surface  after  400  seconds  of  reaction,  however,  the  size  of 
the  crystals  was  not  uniform  (Figure  18c).  Some  of  the  crystals  were  larger  than  those  formed  at 
200  s,  other  crystals  were  much  smaller  in  size.  This  suggests  that  most  of  the  crystals  grew 
directly  from  the  substrate  surface  rather  than  growing  over  other  crystals.  The  degree  of 
coverage  of  the  substrate  surface  was  estimated  to  be  about  65%  after  about  400  seconds  of 
reaction.  At  the  end  of  the  first  stage(  598  s),  the  entire  surface  of  the  substrate  was  covered  by 
the  closely  packed  crystals  (Figure  18d).  It  can  be  seen  that  the  crystals  were  impinged  on  each 
other.  Some  of  the  crystals  also  interlocked  each  other.  It  seems  that  most  crystals,  especially  the 
larger  crystals,  tended  to  grow  in  such  a  way  that  their  largest  surface  was  in  contact  with  the 
substrate  surface.  From  above  observation,  it  appears  that  the  interphase  consists  of  only  a 
monolayer  of  a  closely  packed  crystals.  As  shown  in  Figure  1,  the  reaction  potential  rose  sharply 
to  a  positive  value  when  the  substrate  was  completely  covered  by  the  passive  interphase, 
indicating  that  the  passivation  of  the  steel  was  established  at  this  time.  This  is  very  important  for 
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the  electropolymerization  of  pyrrole.  Since  the  formation  of  polypyrrole  occurs  by  an  oxidation 
reaction,  it  requires  a  positive  electrode  potential. 

Figure  19  shows  the  SEM  micrographs  of  the  interphase  formed  by  applying  i  =  0.56  mA/cm2  at 
pH  2.4  and  4.1,  respectively.  The  passive  interphase  formed  at  pH  2.4  and  4.1,  respectively,  also 
consists  of  closely  packed  crystals.  Generally,  the  crystals  formed  in  acidic  medium  (pH  of  1.4  - 
4.1)  have  irregular  rectangular  shape  with  tetragonal  cross-section.  The  crystals  were  oriented  in  a 
nearly  random  fashion  on  the  substrate  surface  plane  and  the  size  of  the  crystals  is  not  uniform. 
The  size  of  crystals  seems  to  vary  with  the  pH  of  the  reaction  medium  for  an  applied  current 
density  of  0.56mA/cm2.  The  crystals  formed  at  pH  1.4  and  2.4  are  longer  than  those  formed  at 
pH  4.1.  For  the  crystals  formed  at  pH  1.4  and  2.4,  the  dimension  of  the  tetragonal  cross-section 
vary  from  about  0.9  to  4.1  pm  and  from  about  0.2  to  3.5  pm,  respectively.  For  the  crystals 
formed  at  pH  4.1,  the  dimension  of  the  tetragonal  cross-section  varied  from  about  0.4  to  1.7  pm. 
Figure  20  shows  the  SEM  micrographs  of  the  interphase  formed  by  applying  i  =  3.38  mA/cm2  in 
at  pH  1.4  to  4.1.  It  can  be  seen  that  all  the  interphase  coatings  also  consists  of  closely  packed  fine 
crystals.  The  crystals  formed  by  applying  i=  3.38mA/cm2  are  much  smaller  than  those  formed  at 

lower  current  density.  Most  of  the  crystals  also  show  tetragonal  cross-section.  The  dimension  of 
the  cross-section  varied  from  0.2  to  1 .2  pm. 

Figure  21  compares  the  SEM  micrographs  of  the  samples  formed  at  pH  6.0  at  two  different 
current  densities.  At  an  applied  current  density  of  0.56  mA/cm2,  passivation  of  steel  was  not 
established  even  after  30  min  reaction.  As  shown  in  Figure  21a,  no  crystals  are  observed  on  the 
substrate  surface.  When  the  current  density  was  increased  to  2.25  mA/cm2,  the  passivation  of  the 
steel  was  established  even  though  the  passivation  time  was  very  long.  It  can  be  seen  from  Figure 
21b  that  larger  crystals  were  deposited  on  steel  substrate  under  this  condition.  The  dimension  of 
the  tetragonal  cross-section  of  the  crystals  varies  from  1.7  pm  to  2.8  pm.  These  observations 

further  demonstrate  that  passivation  of  steel  is  due  to  the  formation  of  the  closely  packed  crystals 
on  the  substrate  surface  . 

It  is  believed  that  FeC204-2H20  passive  interphase  is  formed  according  to  following  reactions: 

Fe  —  2e  - >  Fe^+ 

Fe2+  +  C2042-  +  2H20 - >FeC204'  2H20 
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(12) 

(13) 


The  anodic  dissolution  of  iron  produced  Fe2+  ions,  these  Fe2+  ions  further  react  with  the  oxalate 
ions  on  the  electrode  surface  to  form  insoluble  iron(II)  oxalate  dihydrate,  which  precipitates  on 
the  substrate  surface.  When  the  substrate  is  completely  covered  by  the  small  crystals,  it  becomes 
insulative,  there-by  preventing  further  oxidation  of  steel. 

The  crystallization  of  the  iron(II)  oxalate  dihydrate  on  the  steel  substrate  involves  two  steps: 
nucleation  and  growth.  It  can  be  accelerated  by  increasing  the  applied  current.  High  applied 
current  density,  results  in  a  high  rate  of  formation  of  Fe2+  ions,  and  a  concomitant  high  rate  of 
formation  of  FeC204-  2H20.  Both  the  nucleation  rate  and  growth  rate  of  the  crystals  are  higher  at 
higher  current  density,  resulting  in  smaller  crystal  size  and  shorter  formation  time  of  the 
interphase.  The  effect  of  pH  of  the  reaction  medium  on  the  crystallization  of  iron(II)  oxalate 
dihydrate  is  more  complicated.  It  is  believed  that  the  pH  of  the  reaction  medium  has  a  significant 
effect  on  the  nucleation  of  iron(II)  oxalate.  Nucleation  will  occur  on  the  steel  substrate  when  the 
solubility  of  FeC204-2H20  is  very  low.  The  pH  of  the  reaction  medium  might  influence  the 
solubility  of  FeC204-  2H20.  It  has  been  reported  that  iron(II)  oxalate  can  be  converted  into 
soluble  complexes  M2[Fe(C204)2]  in  the  presence  of  excess  alkali  metal  oxalate.  Perhaps  the 
solubility  of  the  FeC204-  2H20  is  lowest  at  pH  2.4,  resulting  a  higher  nucleation  rate.  The 
solubility  of  FeC204-  2H20  may  be  very  high  at  pH  6.0,  hence,  it  takes  very  long  time  for 
nucleation  to  occur. 

Structure  of  The  Passive  Crystalline  Interphase 

Figure  22  compares  the  X-ray  diffraction  patterns  of  the  bare  steel  substrate  and  the  steel 
substrate  coated  with  the  passive  interphase.  The  passive  interphase  was  formed  at  0.56  mA/cm2 
in  the  reaction  medium  of  pH  of  1.4.  No  diffraction  peaks  are  observed  for  the  bare  steel 
substrate  in  the  20  range  of  10°  to  40°.  The  steel  substrate  coated  with  the  passive  interphase 
shows  four  diffraction  peaks  in  this  region.  Since  the  steel  substrate  doesn't  show  any  diffraction 
peaks  in  above  20  range,  all  the  diffraction  peaks  can  be  attributed  to  the  crystals  of  the  passive 

interphase.  It  should  be  noted  that  the  passive  interphase  does  not  show  any  strong  diffraction 
peaks  in  the  20  range  of  40°  to  90°. 
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Figure  23  shows  the  X-ray  diffraction  patterns  of  the  interphase  formed  at  0.56  mA/cm2  as  a 
function  of  pH.  The  passive  interphases  formed  at  pH  <  4.1  show  similar  diffraction  peaks.  The 
steel  substrate  that  was  coated  at  pH  6.0  by  applying  i  =  0.56  mA/cm2  shows  no  diffraction  peaks, 
indicating  that  no  FeC204-2H20  crystals  were  formed  on  steel  under  this  condition. 

Figure  24  shows  the  x-ray  diffraction  patterns  of  the  interphase  formed  at  3.38  mA/cm2  in  as  a 
function  of  pH.  It  can  be  seen  that  all  the  passive  interphases  formed  in  the  acidic  medium  show 
strong  diffraction  peaks.  At  this  applied  current  density,  the  interphase  formed  at  pH  6.0  shows 
much  stronger  diffraction  peaks  compared  to  other  samples.  In  addition  to  the  four  main  peaks 
shown  in  other  three  interphase,  it  also  shows  two  additional  weak  diffraction  peaks. 

Chemically  prepared  FeC204-2H20  is  reported  to  crystallize  in  two  slightly  different  structures,  a 
monoclinic  a-phase  and  an  orthorhombic  p-phase,  depending  on  the  conditions  of  preparations. 
In  this  compound,  the  Fe2+  ion  is  surrounded  by  a  distorted  octahedron  of  oxygen  atoms.  Two  of 
them  are  provided  by  water  molecules  while  the  other  four  belong  to  two  oxalate  groups  which 
serve  to  link  each  Fe2+  ion  with  two  others  to  form  a  chain.  The  structure  of  a-phase  belongs  to 
the  space  groups  C2/c  and  has  unit  cell  dimensions  a=12.00A,  b=5.57A,  and  C=9.9lA  with 
P-128.43  .  The  space  group  of  the  P-phase  structure  is  Cccm  with  unit  cell  dimensions 
a=12.26A,  b=5.57A,  and  c=15.48A.  The  difference  between  the  two  structure  is  merely  in  the 
relative  displacement  of  adjacent  chains  in  the  direction  of  extension  which  coincides  with  b-axis. 
Figure  25  compares  the  x-ray  diffraction  pattern  of  the  interphase  with  that  of  the  monoclinic 
FeC204'2H20.  It  can  be  seen  that  their  x-ray  diffraction  patterns  are  different,  therefore,  the 
interphase  doesn't  crystallize  in  monoclinic  crystal  structure. 

Table  2  lists  the  d  spacing  and  the  relative  intensities  of  the  main  diffraction  peaks  of  the  passive 
interphase  formed  under  different  experimental  conditions.  The  corresponding  data  for  the 
chemically  prepared  orthorhombic  FeC204-2H20  are  also  listed  in  Table  2  for  the  purpose  of 
comparison.  It  can  be  seen  that  d  values  of  the  interphase  are  very  close  to  the  corresponding 
values  of  the  chemically  prepared  orthorhombic  FeC204-2H20,  indicating  that  the  passive 
interphase  ciystallizes  in  orthorhombic  structure.  For  both  the^electrodeposited  interphase  and  the 
chemically  prepared  powder  sample,  (2  0  2)  reflection  corresponds  to  the  strongest  diffraction 
peak.  The  relative  intensities  of  the  other  three  main  peaks  change  with  experimental  conditions 
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and  their  values  are  smaller  than  the  corresponding  values  of  the  chemically  prepared  powder 
sample.  For  example,  the  relative  intensity  of  the  (4  0  0)  reflection  of  the  interphase  varied  from 
8  to  30  while  it  is  50  for  the  chemically  prepared  powder  sample.  The  relative  intensity  of  the  (0 
2  2)  reflection  of  the  passive  interphase  varied  from  2  to  13,  but  the  corresponding  value  is  35 
for  the  chemically  prepared  powder  sample.  It  should  be  pointed  out  here  that  chemically 
prepared  powder  iron  (II)  oxalate  dihydrate  also  shows  some  other  diffraction  peaks  in  the  20 
range  of  10°  to  40°,  such  as,  d=3.6lA  (rel.  int.  2),  3.22  A  (2),  2.77  A  (2),  2.64  A  (18),  2.40  A 
2.37  A  (20),  2.29  A.  These  peaks  are  absent  in  the  x-ray  diffraction  patterns  of  the  passive 
interphase.  For  all  the  interphases  formed,  only  the  interphase  prepared  by  applying  i  =  3.38 
mA/cm2  in  the  medium  at  pH  6.0  shows  two  other  additional  weak  diffraction  peaks.  These 

phenomena  perhaps  indicates  that  the  preferred  orientation  of  the  crystals  on  the  steel  substrate  is 
maintained. 

Table  2.  Position  and  relative  intensity  of  the  diffraction  peaks  of  the 
interphase 


Sample 


Power  p-FeC204-2H20 
pH=1.4,  i=0.56  mA/cm2 
pH=1.4,  i=3.38  mA/cm2 
pH=2.4,  i=0.56  mA/cm2 
pH=2.4,  i— 3.38  mA/cm2 
pH=4.1,  i=0.56  mA/cm2 
pH=4.1,  i=3.38  mA/cm2 
pH=6.0,  i=3 .38  mA/cm2 


d  spacing  (A)  (relative  intensity) 


(110) 

(2  0  2) 

(112) 

(0  04) 

(4  0  0) 

(0  2  2) 

5.06(2) 

4.80(100) 

4.23(4) 

3.87(14) 

3.06(50) 

2.61(35) 

4.84(100) 

3.85(4) 

3.11(8) 

2.61(2) 

4.86(100) 

3.85(8) 

3.12(8) 

2.61(5) 

4.83(100) 

3.85(7) 

3.13(8) 

2.61(5) 

4.86(100) 

3.85(3) 

3.12(14) 

2.62(7) 

4.84(100) 

3.86(5) 

3.11(13) 

2.61(2) 

4.85(100) 

3.84(3) 

3.13(18) 

2.61(13) 

5.09(5) 

4.85(100) 

4.24(2) 

3.85(11) 

3.13(30) 

2.61(9) 

For  an  orthorhombic  crystal  structure,  the  relationship  between  the  unit  cell  dimensions  (a,  b,  c) 
and  the  index  (h  k  1)  can  be  expressed  as  follows: 

* 

1/d2  —  h2/a2  +  k2/b2  +  l2/c2 
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By  means  of  the  above  equation,  the  unit  cell  dimensions  of  the  pasive  interphase  formed  under 
different  experimental  conditions  were  calculated  and  the  results  are  listed  in  Table  3.  It  can  be 
seen  that  b  values  of  all  the  interphase  are  basically  same  and  that  they  are  very  close  to  the 
corresponding  literature  value.  The  calculated  a  values  of  the  interphase  change  with 
experimental  conditions  and  are  about  0.15  to  0.25  A  larger  than  the  corresponding  literature 
value.  The  calculated  c  values  of  the  interphase  vary  a  little  bit  with  experimental  conditions,  but 
they  are  0.07  to  0.1  A  smaller  than  the  corresponding  literature  value.  Based  on  the  calculated 
unit  cell  dimensions,  the  unit  cell  volumes  of  the  interphase  are  also  calculated  and  the  results 
are  listed  in  Table  3.  It  can  be  seen  that  the  unit  cell  volumes  of  the  interphase  are  a  little  bit 
larger  than  the  corresponding  literature  value. 


Table  3.  Unit  cell  dimension  of  the  interphase  and  power  p-FeC204*2H20 


Sample 

a(A) 

b(A) 

c(A) 

V(A3) 

Power  (3-FeC204-2H20 

12.26 

5.57 

15.48 

1057 

pH=1.4,  i=0.56  mA/cm2 

12.51 

5.54 

15.41 

1068 

pH=1.4,  i=3.38  mA/cm2 

12,51 

5.54 

15.41 

1068 

pH=2.4,  i=0.56  mA/cm2 

12.41 

5.54 

15.41 

1059 

pH=2.4,  i=3.38  mA/cm2 

12.46 

5.54 

15.41 

1064 

pH=4.1,  i=0.56  mA/cm2 

12.45 

,  5.55 

15.42 

1065 

pH=4.1,  i=3.38  mA/cm2 

12.49 

5.55 

15.38 

1066 

pH=6.0,  i=3.38  mA/cm2 

12.51 

5.55 

15.40 

1069 

(a) 
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SEM  micrographs  of  the  samples  prepared  at  0.56  mA/cm2  at  pH  1.4  for; 
(a)  t=100  s,  (b)  t=200  s,  (c)  t=400  s,  (d)  t=598  s. 
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Figure  18 


(a) 


(b) 


Figure  19. 


SEM  micrographs  of  the  interphase  formed  at  0.56  mA/cm2  in  the  reaction 
medium  of  pH  of  2.4  and  4. 1 .  (a)  pH=2.4,  (b)  pH=4. 1 . 
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Figure  20.  SEM  micrographs  of  the  interphase  formed  at  3.38  mA/cm2  for;  (a)  pH=1.4, 
(b)  pH=2.4,  (c)  pH=4.1. 
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(a) 


(b) 


Figure  21. 


SEM  micrographs  of  the  samples  formed  in  the  medium  of  pH  of  6.0  at ; 
(a)  i=0.56  mA/cm2,  (b)  i=2.25  mA/cm2. 
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Intensity 


Figure  22.  X-ray  diffraction  pattern  of  bare  steel  and  steel  covered  by  the  passive  interphase 
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Intensity 


Intensity 


Figure  24.  X-ray  diffraction  pattern  of  steel  covered  by  the  passive  interphase 
pH;  i  =  3.38  mA/cm2 
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Intensity 


Two  Theta  (Degrees) 


Figure  25.  X-ray  diffraction  pattern  of  monoclinic  iron (II)  oxalate  (bottom)  and  the  passive 
mterphase  (top). 
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4.  COMPOSITION  OF  THE  PASSIVE  FILMS  AND  POLYPYRROLE 

COATINGS:  INFRARED  SPECTROSCOPY,  IR  AND  ELEMENTAL 
ANALYSIS 

Reflection-Absorption  Infrared  Spectroscopy  (RAIR) 

The  reflection-absorption  infrared  spectra(RAIR)  of  the  sample  were  measured  by  a  BIO-RAD 
FTS-40  FUR  spectrometer.  An  angular  specular  reflectance  attachment  was  set  to  an  incident 
angle  of  65°.  Spectra  were  obtained  using  a  resolution  of  4  cm-1  and  were  averaged  over  128 
scans.  A  background  spectrum  of  a  bare  polished  steel  substrate  was  subtracted  from  the 
acquired  spectra  in  all  cases.  In  the  case  of  transmission  IR,  the  spectra  were  obtained  by  the 
means  of  the  potassium  bromide(KBr)  pellets. 

Figure  26  shows  the  RAIR  spectra  for  the  interlayer  formed  at  end  of  the  induction  time  in 
different  pH  solutions.  No  obvious  IR  peaks  were  observed  for  interlayer  formed  in  basic 
medium.  However,  the  interlayer  formed  in  basic  medium  have  similar  spectra.  Figure  27 
shows  the  RAIR  spectra  of  the  interlayer  formed  at  different  time  during  the  induction  time  at 
pH=1.4  and  Figure  28  shows  the  RAIR  spectra  of  the  interlayer  formed  at  different  current 
density  at  pH=1.4.  No  significant  difference  is  observed  between  the  spectra  for  the  interlayer 
obtained  at  different  reaction  time  or  different  applied  current  density. 

It  is  well  known  that  two  kinds  of  iron  oxalate  compounds  exist,  FeC204-2H20  and.. 
Fe2(C204)3'2H20.  Figure  29  compares  the  IR  spectra  of  these  two  model  compounds  with  the 
interlayer.  The  IR  spectra  of  the  two  model  compounds  were  obtained  by  the  transmission  mode. 
The  two  iron  oxalate  model  compounds  show  different  IR  spectra.  The  spectrum  for 
Fe2(C204)3-2H20,  shows  a  very  strong  C-0  stretch  peaks  around  1264  cm'1,  which  is  not 
observed  in  the  spectrum  for  FeC204-2H20.  The  O-H  stretch  peak  of  Fe2(C204)3-2H20  occurs 
around  3558cm-1,  which  is  about  200cm'1  higher  than  that  of  FeC204-2H20.  It  can  be  seen  that 
the  IR  spectrum  of  the  interlayer  is  very  similar  to  that  of  FeC204-  2H20.  The  assignment  of  the 
main  absorption  bands  for  the  model  compounds  and  the  interfaces  are  given  m  Tables  4  -6. 

Figure  30  shows  the  IR  spectra  for  pyrrole,  the  interlayer  and  the  polypyrrole  coatings  obtained  at 
pH=1.4.  The  IR  spectrum  of  pyrrole  was  obtained  by  transmission  mode.  IR  spectra  also  show 
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that  the  passive  interlayer  and  polypyrrole  were  expectedly  different.  However,  the  N-H  and  O-H 
stretch  peaks  associated  with  pyrrole  and  oxalic  acid,  respectively  were  absent  in  the  IR  spectra  of 
polypyrrole.  Figure  31  shows  the  RAIR  spectra  of  polypyrrole  coatings  formed  at  different  pH. 
The  coatings  prepared  in  different  pH  medium  shows  silimar  spectra.  The  assignment  of  the 
major  bands  for  pyrrole  and  polypyrrole  are  listed  in  Table  7  and  Table  8.  For  polypyrrole,  the 
carbonyl  -C=0  peak  stretch  around  1710  and  1 660cm- 1  is  associated  with  the  passive 
interlayer,  the  oxalate  dopant  ions  or  overoxidation  of  polypyrrole.  The  — C-0  peak  stretch 
around  1360  and  1310cm'1  may  also  be  due  to  the  passive  interlayer  or  overoxidation  of 
polypyrrole.  The  C-0  stretch  peak  around  1 170cm'1  may  be  due  to  the  oxalate  dopant  ions. 

Elemental  analysis  shows  the  presence  of  oxygen  in  the  coatings  (Tables  9-11), 
indicating  that  the  counter  ion  derived  from  the  electrolyte  is  incorporated  into  polypyrrole. 
Using  HC204-  as  the  counter  ion  from  oxalic  acid  system  and  sodium  hydrogen  oxalate  and 
C2042-  as  the  counter  ion  for  the  sodium  oxalate,  the  degree  of  insertion  of  the  counter  ions 
was  calculated  to  be  0.23  for  the  first  two  systems  and  0.31  for  the  third  system  respectively. 
When  the  reaction  medium  was  alkaline,  the  degree  of  insertion  of  the  counter  ions  was  found  to 
be  higher.  This  may  be  due  to  overoxidation  of  polypyrrole  in  alkaline  medium. 
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Wavenumber  (cm-1) 


Figure  27.  RAIR  spectra  for  the  passive  coatings  as  a  function  of  reaction  time  (pH  =  1.4) 
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Transmittance 


Figure  28.  RAIR  spectra  for  the  passive  coatings  as  a  function  of  applied  current  (pH  =  1.4) 
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Transmittance 


Figure  29.  RAIR  spectra  for  the  passive  coatings  and  iron  (II/HI)  oxalate  model  compounds 
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Transmittance 


Figure  30.  RAIR  spectra  for  polypyrrole,  passive  coatings  and  pyrrole 
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Transmittance 


Tab,e  4  s&s&s  Mjssfssr bands  ,or  modd  — - 


Wavenumber(cm' 1 )  Assignment 


3352 

1631 

1361 

1318 

823 

771 

727 

530 

493 


O-H  stretch  ~ 

C=0  stretch 
C-0  stretch 
C-0  stretch 

0-C=0  in-plane  deformation 
0-C=0  in-plane  deformation 
?Fe-0 

C-C-0  in-plane  deformation 
C-C-0  in-plane  deformation 


Table  5. 


"ds  for  model  compound 


Wavenumber(cm-l)  Assignment 


3558 

1735 

1649 

1610 

1384 

1349 

1264 

818 

758 

710 

566 

490 


O-H  stretch 
C=0  stretch 
C=0  stretch 
C=0  stretch 
C-0  stretch 
C-O  stretch 
C-0  stretch 

0-C=0  in-plane  deformation 
O_C=0  in-plane  deformation 
?  Fe-0 

C-C-0  in-plane  deformation 
C-C-0  in-plane  deformation 


Assignment  of  infrared  absorbtion  bands  for  the  interface  (RAIR) 


Wavenumber(cnr 1 )  Assignment 


3403-3294 

1700-1670 

1658-1617 

1602-1575 

1364-1359 

1321-1314 

826-821 

747-729 

554-540 

506-502 


O-H  stretch 
C=0  stretch 
C=0  stretch 
C=0  stretch 
C-0  stretch 
C-0  stretch 

®"C=0  in-plane  deformation 
? ^0-C=0  m-plane  deformation  +  Fe-0 
C-C-0  in-plane  deformation 
C-C-0  in-plane  deformation 


Table  7.  Assignment  of  infared  absorption  bands  for  pyrrole(Transmision  IR) 


Wav  enumber(cnr 1 )  Assignment 


3400 

3122 

3107 

1558 

1538 

1466 

1419 

1073 

1048 

1014 

763 

556 


N-H  stretch 
C-H  stretch 
C-H  stretch 
Ring  C=C  stretch 
Ring  C=C  stretch 
Ring  stretch 
Ring  stretch 

C-H  in-plane  deformation 
C-H  in-plane  deformation 
C-H  in-plane  deformation 
C-H  out-of-plane  deformation 
N-H  wag 


Table  8.  Assignment  of  infrared  absorbtion  bands  for  poiypyrrole(RAIR) 


Wavenumber  (cm- 1 ) 

Assignment 

1721-1709 

C=0  stretch 

1673-1652 

C=0  stretch 

1591-1541 

Ring  C=C  stretch 

1367-1361 

C-0  stretch 

1310-1301 

C-0  stretch 

1178-1166 

C-0  stretch 

1099-1096 

C-H  in-plane  deformation 

1037-1032 

AA  r  AAA 

C-H  in-plane  deformation 

925-903 

TOO  Tarr 

C-H  out-of-plane  deformation 

783-777 

C-H  out-of  plane  deformation 
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Table  9. 


Results  of  the  elemental  analysis  of  the  coating 
formed  from  oxalic  acid  electrolyte(pH=1.4) 


Elements 

Composition  ( %) 

C 

'  58.67 

H 

3.70 

—  __  | 

16.85 

0 

'  17.47  | 

Table  10.  Results  of  the  elemental  analysis  of  the  coating 

formed  from  sodium  hydrogen  oxalate  e!ectrolyte(pH=2.4) 


Elements 

Composition  %) 

C 

58.08 

H 

3.87 

N 

16.87 

0 

17.92 

Table  1 1.  Results  of  the  elemental  analysis  of  the  coating 
formed  from  sodiun  oxalate  electro!yte(pH=8.4) 


Elements 

1  Composition  f%) 

C 

55.76 

H 

4.22 

N  1 

15.82 

0 

22.64 
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5. 


STRENGTH  OF  ADHESION 


The  adhesion  between  the  polypyrrole  coatings  and  steel  was  determined  by  Lap  Shear  Joint  test 
in  accordance  with  ASTM  standard  procedure  D-1002-72.  Pairs  of  coupons  were  bonded  together 
to  form  lap  joints  with  an  overlap  length  of  0.5  in.  The  adhesives  consisted  of  an  epoxy  resin 
(EPON  828)  and  a  polyamide  curing  agent  (EPI-CURE  3140).  An  Instron  universal  mechanical 
tester  was  used  and  the  test  was  performed  at  1.27  mm/min. 

Figure  32.  compares  the  adhesion  strength  of  polypyrrole  coatings  and  the  passive  interphase  as  a 
function  applied  current.  The  adhesion  strength  of  polypytrole  coated  steel  is  about  twice  that  of 
passive  interphase  coated  steel.  The  adhesion  strength  decreases  slightly  with  applied  current 
Increasing  the  current  density  from  1 . 13  to  3.38  mA/cm2  decreased  the  adhesion  strength  from  23 
to  21, 20  to  19  and  3  to  2  MPa,  at  pH  1.4,  2.4  and  8.4,  respectively. 

The  dependence  of  the  adhesion  strength  on  the  pH  of  the  monomer-electrolyte  solution  is  shown 
in  Figure  33.  Increasing  the  pH  from  1.4  to  8.4,  resulted  in  a  decrease  in  adhesion  strength  from 

23  MPa  at  pH  1.4  to  3  MPa  at  pH  8.4,  Note  that  for  any  given  pH,  lower  adhesion  strength  is 
obtained  at  higher  current  density. 

Figure  34  shows  the  comparison  between  the  adhesion  strength  of  Poly(N-methylpyrrole)  coated 
steel  and  the  control  sample.  No  significant  improvement  in  the  adhesion  strength  was  obtained 
by  applying  poly(N-methylpyrrole)  coatings  on  steel. 

An  attempt  was  made  to  determine  the  strength  of  adhesion  for  polypyrrole-poly(N- 
methylpyrrole)  copolymer  coatings.  It  was  shown  that  the  adhesion  strength  of  the  copolymer  lie 
between  that  of  polypyrrole  and  poly(N-methylpyrrole).  Infact  increasing  the  mole  %  of 
polypyrrole  in  the  copolymer,  increased  the  adhesion  strength  (Figure  35). 

It  is  believed  that  the  — NH  group  in  polypyrrole  may  be  responsible  for  the  enhanced  adhesion 
strength  obtained  for  the  polypyrrole  based  systems  over  that  of  Poly(N-methylpyrrole)  system. 
The  N-CH3  is  less  polar  and  cannot  bond  effectively  to  the  substrate. 

The  fracture  surface  of  the  failed  lap  joints  (Fig.  35),  show  cohesive  failure  for  polypyrrole  coated 
steel  formed  at  pH  1-4  and  adhesive  failure  for  the  passive  interphase  systems,  poly(N- 
methylpyrrole)  and  control  samples. 
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□  Iron(II)  Oxalate 


pH=2.4  pH=2.4  pH=6.0 

1.13  m A/cm 2  3.38  mA/cm2  2.25  mA/cm2 


Figure  32.  The  adhesion  strength  of  steel  coated  with  the  passive  interlayer 

and  steel  coated  with  polypyrrole  as  a  function  of  pH  and  applied 
current 
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Figure  33.  The  adhesion  strength  of  steel  coated  with  polypyrrole  as  a 
function  of  pH  and  applied  current 
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Adhesion  Strength  (MPa) 


14 


H  Control 

g  Poly(N-methylpyrroIe) 


17 


Adhesion  Strength  (MPa) 


Figure  35.  The  adhesion  strength  of  steel  coated  with  poly(N-methylpyrrole) 
as  a  function  of  oxalic  acid  concentration. 


Adhesion  Strength  (MPa) 


6. 


CORROSION  PERFORMANCE  OF  THE  COATINGS 


Tafel  Tests 

The  corrosion  resistance  of  the  coatings  was  determined  by  Tafel  tests  and  electrochemical 
impedance  spectroscopy,  EIS.  The  corrosion  current,  corrosion  potential  and  corrosion  rate  were 
obtained  from  the  Tafel  test.  The  Tafel  test  was  conducted  with  a  CMS  100  corrosion 
measurement  system.  1  M  NaCl  solution  was  used  as  the  corrosion  media.  The  NaCl  solution  was 
saturated  with  air  by  aeration.  A  test  spot  with  a  diameter  of  1  cm  was  immersed  into  the  solution 
during  the  test.  The  polypyrrole  coatings  used  for  the  Tafel  test  were  2.1  pm  thick.  The  thickness 
of  the  poly(N-methylpyrrole)  coatings  varied  from  1.0  to  1.5  mm.  Figure  37  shows  a  typical  Tafel 
plot.  The  Tafel  plot  shows  a  linear  horrizontal  region  which  eventually  splits  into  two  diverging 
(anodic  and  cathodic)  curves.  Tafel  analysis  was  performed  by  extrapolating  the  horrizontal 
(linear)  portion  of  the  potential  vs  log  current  plot,  to  the  point  of  intersection/convergence  of  the 

split  curves.  At  this  point  both  the  corrosion  potential  Ecorr  and  corrosion  current  Icorr  are 
obtained. 

The  corrosion  rate  is  obtained  by  using  the  following  expression. 

CR(mpy)  =  [1.288xl05Icorr  (EW)]/(Ad) 

Where  CR  is  the  corrosion  rate  in  milliinches  per  year,  Icorr  is  the  corrosion  current  in  amperes 
per  square  centimeters,  EW  is  the  equivalent  weight  of  the  oxidized  element  in  grams/equivalent, 

A  is  the  surface  area  of  the  specimen  in  square  centimeters  and  d  is  the  density  of  the  specimen  in 
g/cm3. 

The  Tafel  test  results  are  shown  on  Table  12.  Note  that  the  passive  .interphase  showed  a  lower 
corrosion  potential  ECOrr  and  higher  corrosion  current  ICOrr  than  bare  steel  (control),  indicating 
that  they  cannot  protect  the  latter.  The  polypyrrole  coatings,  however,  showed  a  much  higher 
corrosion  potential  and  significantly  lower  corrosion  current.  Consequently,  the  corrosion  rate  of 
the  polypyrrole  coated  steel  is  significantly  reduced,  showing  that  the  coatings  can  effectively 
protect  steel  against  corrosion.  The  coatings  formed  at  pH  2.4  showed  the  least  corrosion  rate. 
Poly(N-methylpyrrole)  also  showed  excellent  corrosion  resistance  (Table  12). 
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Potential  (V)  vs  Href  Potential  (V)  vs  Eref 


Figure  37.  A  typical  Tafel  plot 
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Sample 

Ecorr(mV) 

Icorr(A/cm2) 

Com  Rate(mm/yr) 

Bare  Steel 

-600.6 

9.05E-05 

1.05 

FeC204-2H20,  pH-1.4 
FeC204-2H20,  pH=2.4 

-698.8 

-692.6 

1 .44E-04 
1.20E-04 

1.67 

1.40 

PPy,pH=1.4 

PPy,  pH=2.4  „ 

PPy,  pH=4.1 

-101.9 

-15.7 

-188.5 

5.45E-06 

3.60E-07 

3.07E-06 

0.063 

0.0041 

0.036 

MPPy,  pH=1.4 

MPPy,  pH-2.7 

-429.5 

-580.1 

— - - - 1 

4.31E-06 

6.37E-06 

0.050 

0.074 

Tafel  results  for  steel  coated  with  the  passive  coatings,  polypyrrole  and 
poly (N-methy lpyrrole),  as  a  function  of  pH  (i  =  1.13  mA/em*) 
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Table  11. 


Electrochemical  Impedance  Spectroscoipy  (EIS) 

The  corrosion  resistance  of  the  coated  and  control  steel  substrate  was  also  evaluated  by 
electrochemical  impedance  spectroscopy  (EIS).  EIS  is  an  attractive  technique  for  evaluation  of 
corrosion  resistance.  It  is  a  non-destructive  technique  and  the  mechanism  of  corrosion  control  by 
thin  polymer  films  can  be  predicted  by  this  technique.  Experimentally,  the  substrates  were 
immersed  in  an  electrolytic  solution  and  an  alternating  was  applied.  The  alternating  current 
response  is  measured.  An  electrode-electrolyte  interface  undergoing  electrochemical  reaction  is 
analogous  to  an  electronic  circuit  and  can  be  represented  by  an  electronic  circuit  model. 

EIS  readings  was  be  taken  every  2.5  min  for  30  min  in  the  frequency  range  of  1-104  Hz.  Nyquist 
plots  will  be  constructed  for  a  given  current  density  and  appropriate  equivalent  circuit  model  was 
used  to  correlate  the  impedance  Z  to  the  resistance,  R  (solution  Rsol  and  electrode  resistance  Re), 
current  density,  j  and  the  capacitance  of  the  film,  C;  For  one  depressed  capacitance  loop: 

Re 

Z  “  Rsol  +  - - 

1  +  (j  to  ReC)a 

Where  a  is  a  constant  and  has  a  value  of  0.9.  C  is  calculated  by  using  the  frequency  corresponding 
to  the  apex  of  the  capacitive  loop  while  Re  is  obtained  from  the  chord  of  the  capacitance  loop.  A 
correlation  between  the  process  variables,  film  porosity  and  corrosion  resistance  was  made  and 
further  insight  into  corrosion  protection  was  gained. 

By  comparing  the  impedance  of  an  equivalent  electrical  circuit  with  the  actual  impedance 
of  the  substrate,  the  ease  with  which  corrosion  propagates  in  the  coating-substrate  interface,  Rp, 
will  be  determined. 

The  polarization  resistance  of  steel  with,  Rpc  and  without  coatings,  Rp,  was  determined  and  the 
inhibition  efficiency,  IE%  was  calculated  by  using  the  expression: 

IE%  =  (^RpcR~  Rj  x  100 

Figure  38  shows  the  equivalent  circuit  model  used  to  analyze  the  EIS  spectra.  The  circuit  consists 
of  a  working  electrode,  areference  electrode,  electrolyte  resistance,  Rs,  pore  resistance  Rpo, 
coatings  capacitance  Cc,  polarization  resistance  Rp,  double  layer  capacitance  Cdl  and  a  Warburg 
impedance  W.  The  EIS  results  are  shown  on  Figures  39-41.  Note  that  the  polarization  resistance 
of  polypyrrole  coated  steel  depends  on  the  applied  current  and  pH  of  the  monomer-electrolyte 
solution.  Inhibition  efficiency  of  90  and  80%  were  obtained  for  polypyrrole  coatings  formed  by 
applying  a  current  density  of  1.13mA/cm2  at  pH  2.4,  1.4  and  4.1,  respectively.  At  a  higher 
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respectively.  At  a  higher  applied  current  density  of  3.38  mA/cm2,  the  inhibition  efficiency 
30%  at  pH  1.4  and  2.4,  respectively. 


Figure  38.  The  equivalent  circuit  model  for  EIS  analysis 


Rp  (Ohm) 


Figure  39,  Polarization  resistance  for  polypyrrole  coated  steel  as  a  function  of  pH  and 
applied  current. 
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ABSTRACT:  Thin  polypyrrole  coatings  ( —  10  thick)  were  formed  on  low  carbon  steel 
by  an  aqueous  constant  current  electrochemical  polymerization  using  oxalic  acid  as  the 
electrolyte.  The  amount  of  polypyrrole  coatings  formed  on  steel  increased  with  the 
applied  current  and  monomer  concentration.  No  significant  change  in  the  electropolym¬ 
erization  of  pyrrole  occurred  as  a  result  of  increased  electrolyte  concentration.  The 
induction  time  for  electropolymerization  decreased  significantly  with  current  density 
but  was  unaffected  by  the  initial  monomer  and  electrolyte  concentration.  The  electropo¬ 
lymerization  potential  of  pyrrole  increased  with  increased  current  density  (Cd),  i.e., 
Ep  —  0.62  +  0,41  [Cd] ,  and  decreased  exponentially  with  increased  monomer  and 
electrolyte  concentration,  Ep  —  E0  exp~[M] .  Scanning  electron  microscopy  (SEM) 
showed  that  the  microstructure  of  the  polypyrrole  coatings  formed  on  steel  was  depen¬ 
dent  on  the  current  density  to  the  extent  that  smoother  and  more  uniform  coatings  are 
formed  at  low  current  density.  ©  1997  John  Wiley  &  Sons,  Inc.  J  Appl  Polym  Sci  65:  417- 


424,  1997 


INTRODUCTION 

Electropolymerization  is  an  effective  technique 
for  applying  polymer  coatings  of  varying  thick¬ 
ness  onto  conductive  substrates.  It  combines  an 
electrochemical  reaction  with  polymerization.1 
Electropolymerization  of  pyrrole  has  been  tradi¬ 
tionally  performed  by  using  inert  metals  as  the 
working  electrode  (WE).2"10  Earlier  attempts  to 
electropolymerize  pyrrole  onto  reactive  metals 
was  unsuccessful  because  of  the  preferred  dissolu¬ 
tion  of  the  metals  at  a  potential  lower  than  the 
oxidation  potential  of  pyrrole.  The  electropolym¬ 
erization  of  pyrrole  has  been  attempted  on  reac¬ 
tive  metals  such  us  steel,  copper,  and  alumi¬ 
num11,12  in  different  electrolyte -solvent  systems. 
Electropolymerization  of  pyrrole  in  acetonitrile 
and  tetrafluoroborate  medium  onto  reactive  met- 
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als  such  as  aluminum  (Al),  indium  (In),  silver 
(Ag),  and  steel  (Fe)  was  investigated  by  Prejza.11 
It  was  shown  that  the  dissolution  of  these  metals 
occurred  in  preference  to  the  electropolymeriza¬ 
tion  of  pyrrole.  Cheung  et  al.  investigated  the  elec¬ 
tropolymerization  of  pyrrole  on  a  wide  range  of 
metals  using  propylene  carbonate  as  the  solvent 
and  tetraethylammonium  perchlorate  and  tolu- 
enesufonate  as  the  electrolytes.12  They  showed 
that  polypyrrole- toluenes ulfonate  (PPy-TS) 
films  could  be  formed  on  a  wide  range  of  metals. 
It  was  reported  that  the  oxidation  potential  of  pyr¬ 
role  was  increased  while  the  current  intensity  de¬ 
creased  when  titanium  (Ti),  steel  <Fe),  and  Al 
were  used  as  the  working  electrode.  This  behavior 
was  attributed  to  the  formation  of  a  metal  oxide 
layer  which  impeded  electron  transfer  and  elec¬ 
tropolymerization.  It  was,  however,  notedthatthe 
presence  of  a  metal  oxide  layer  was  necessary  for 
the  electropolymerization  of  pyrrole  onto  brass. 
The  oxidation  potential  of  PPy-TS  films  was  also 
found  to  be  dependent  on  the  metal  used  as  the 
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working  electrode.  When  platinum  (Pt)  was  used 
as  the  working  electrode,  the  electropolymeriza¬ 
tion  of  pyrrole  appeared  to  be  controlled  by  both 
diffusion  and  adsorption  processes.  In  spite  of 
these  differences,  the  room-temperature  electrical 
conductivity  of  fully  oxidized  free-standing  PPy 
films  (~  20-50  s  cm-1)  was  reported  to  be  inde¬ 
pendent  of  the  nature  of  the  working  electrode. 
Janssen  and  Beck  performed  the  electropolymeri¬ 
zation  of  pyrrole  on  steel  in  an  aqueous  medium 
containing  partially  neutralized  polyacrylate.13 
They  reported  that  adherent  PPy-polyacrylate 
composite  film  was  formed  at  a  low  current  den¬ 
sity. 

Schirmeisen  and  Beck  performed  galvanostatic 
electropolymerization  of  PPy  from  more  than  20 
nonaqueous  and  aqueous  electrolytes  containing 
different  anions  on  Pt,  gold  (Au),  copper  (Cu), 
Ti,  stainless  steel  (VA),  and  steel  (Fe).14  They 
showed  that  electropolymerization  proceeded  ef¬ 
fectively  in  many  aqueous  electrolytes,  when  pas¬ 
sive  metals  such  as  Pt,  Au,  V2A,  or  Ti  were  the 
working  electrode.  However,  electropolymeriza¬ 
tion  failed  to  occur  when  reactive  metals  such  as 
Cu  or  iron  were  used.  In  acidic  conditions  (pH 
<  7 ) ,  these  metals  actively  dissolve  and  electropo¬ 
lymerization  could  not  occur.  In  basic  conditions 
(pH  a  10),  the  metals  were  passivated,  but  inor¬ 
ganic  films  were  formed  rather  than  polymer  coat¬ 
ings.  The  only  exception  from  this  behavior  was 
the  electropolymerization  of  pyrrole  onto  steel  us¬ 
ing  potassium  nitrate  as  the  electrolyte.  Smooth, 
continuous,  and  adherent  PPy  coatings  were 
formed  on  steel  using  electrolyte  concentrations 
of  0.01-1 M  and  current  densities  of  0.5-10  mA 
cm-2.  The  degree  of  insertion  of  nitrate  ions  into 
the  film  was  about  0.25. 

Beck  and  Michaelis  reported  the  formation  of 
strongly  adherent  and  smooth  PPy  coatings  onto 
a  steel  working  electrode  by  aqueous  electropo¬ 
lymerization  using  oxalic  acid  as  the  electrolyte.15 
They  showed  that  the  adherence  strength  of  the 
coatings  was  as  high  as  11.5  N  mm-2  for  1  /xm 
films  but  decreased  with  increasing  coating  thick¬ 
ness.  The  surface  roughness  of  the  PPy— oxalate 
-film  was  found  -to  be  relatively  low  in  comparison 
to  other  polypyrrole  salts.  The  polymer  films 
were  essentially  nonporous.  The  porosity  of  the 
film  increased  only  slightly  on  elongation  of  the 
coating  in  the  direction  parallel  to  the  iron  sub¬ 
strate  by  1-2%. 

Hills er  andBeck  investigated  the  electropolym¬ 
erization  of  PPy  on  A1  from  different  aqueous  elec¬ 


trolytes.16,17  They  showed  that  electropolymeriza¬ 
tion  of  adherent  and  homogeneous  PPy  coatings 
on  A1  occurred  in  these  electrolytes.  The  electro¬ 
lytes  that  were  successful  at  initiating  aqueous 
electropolymerization  of  pyrrole  on  A1  include  ni¬ 
tric  acid,  sulfuric  acid,  and  oxalic  acid.  The  ability 
to  form  an  adherent  PPy  coating  increased  from 
left  to  right.  Pretreatment  of  the  A1  by  polishing 
(PD)  or  by  anodic  (galvanostatic)  activation  ( GA) 
was  found  to  be  essential  for  the  formation  of  a 
coherent  and  adherent  PPy  coatings.  The  pres¬ 
ence  of  pores  in  the  A1203  layer  played  an  im¬ 
portant  role  in  the  electrochemical  process.  In  all 
cases,  the  A1203  layer  containing  pores,  usually 
filled  with  electrolytes,  were  converted  into 
Al203-PPy  sandwich  layers.  The  sandwich  Al/ 
Al203/PPy  structure  behaved  as  a  condenser  with 
electronically  conducting  Al  and  PPy  plates.  The 
Al203/PPy  sandwich  layers  showed  an  unusually 
high  permittivity  of  about  10 3 .  Ferreira  et  al.  in¬ 
vestigated  the  influence  of  solvent  and  electro¬ 
lytes  on  the  electropolymerization  of  pyrrole  on 
steel.18  They  observed  that  the  rate  of  corrosion 
of  steel  in  acidic  medium  increased  in  the  absence 
of  pyrrole.  Electropolymerization  of  pyrrole  was 
shown  to  depend  on  the  acidity  of  the  medium. 
Electropolymerization  of  pyrrole  in  acetonitrile 
produced  a  PPy-ferric  oxide  composite  film.  How¬ 
ever,  in  basic  solvents,  the  coatings  are  composed 
of  only  PPy.  In  this  article,  we  report  the  depen¬ 
dence  of  aqueous  electropolymerization  of  pyrrole 
onto  low  carbon  steel  in  an  oxalic  acid  electrolyte 
on  the  electrochemical  process  variables  such  as 
the  applied  current,  initial  monomer  concentra¬ 
tion,  electrolyte  concentration,  and  reaction  time. 


EXPERIMENTAL 

Materials 

Pyrrole  (98%)  and  oxalic  acid  (98%)  were  pur¬ 
chased  from  Aldrich  Chemical  Co.  Tetrachloroeth- 
ylene  and  methanol  were  also  purchased  from 
Aldrich.  The  reagents  were  dissolved  in  deionized 
water  -prepared  in  our  department. 

The  working  electrode  was  an  0.5  mm-thick  QD 
low  carbon  steel  panel  purchased  from  the  Q- 
panel  Co.  The  working  electrode  was  degreased 
with  tetrachloroethylene  for  about  1  h  prior  to 
electrochemical  polymerization.  The  counterelec¬ 
trodes  were  composed  of  two  Ti  alloy  plates.  A 
saturated  Calomel  electrode  (SCE),  manufac- 
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Figure  1  Dependence  of  induction  time  for  electropo¬ 
lymerization  of  pyrrole  onto  steel  ( passivation  time )  on 
the  applied  current  density. 

tured  by  Corning  Co.,  was  used  as  the  reference 
electrode.  Galvanostat  electropolymerization  of 
pyrrole  was  performed  by  an  EG&G  Princeton  Ap¬ 
plied  Research  Potentiostat/Galvanostat  Model 
273 A. 

Electropolymerization 

Electropolymerization  of  pyrrole  was  carried  out 
in  a  one-compartment  PPy  cell.  The  current  densi¬ 
ties  used  in  this  study  ranged  from  0.22  to  11.26 
mA/ cm2 .  The  initial  concentration  of  oxalic  acid  was 
varied  from  0.05  to  0.4 M ,  while  the  initial  monomer 
concentration  was  varied  from  0.1  to  0.8M. 

The  coated  steel  was  rinsed  with  methanol  and 
dried  at  65°C  in  a  vacuum  oven  to  constant 
weight.  The  weight  of  the  coatings  was  deter¬ 
mined  as  the  difference  between  the  coated  and 
noncoated  steel  (control). 

Characterization 

Elemental  analysis  of  the  coatingsextracted  from 
coated  steel  was  performed  by  Galbraith  Labora¬ 
tories.  The  morphology  of  the  coated  and  non¬ 
coated  substrate  was  examined  by  scanning  elec¬ 


tron  microscopy  (SEM).  The  samples  were  shad¬ 
owed  with  carbon  to  enhance  their  conductivity. 

RESULTS  AND  DISCUSSION 
Effect  of  Current  Density 

The  concentration  of  pyrrole  and  oxalic  acid  were 
kept  constant  at  0.25  and  0.1M,  respectively.  The 
induction  time  for  polymerization  decreased  with 
increased  current  density  (Fig.  1).  The  decrease 
the  induction  for  electropolymerization  was 
proportionate  to  the  increment  in  the  current  den¬ 
sity.  Increasing  the  current  density  from  0.56  to 
3.38  mA/cm2  (500%  increase)  resulted  in  a  sharp 
reduction  in  induction  time  from  598  to  67  s  (90% 
reduction).  A  subsequent  increase  in  the  current 
density  from  4.50  to  11.26  mA/cm2  (150%  in¬ 
crease)  resulted  in  a  more  gradual  decrease  in  the 
induction  time  from  47  to  16  s  (66%  reduction) 
(Table  I).  The  induction  time  is  the  time  ex¬ 
pended  during  the  dissolution  of  steel  and  ends  at 
the  onset  of  formation  of  iron  oxalate  (passivation 
time)  (Fig.  2).  At  low  current  density  (Cd)  <  0.22 
mA/cm2,  the  potential  of  the  reaction  remained 
constant  and  negative  ( Ep  -  -0.4  V  vs.  SCE), 
resulting  in  the  dissolution  of  the  steel  (Fig.  2): 

Fe  -2c  ->  Fe2+  ( Eox  =  -0.44  V) 

The  total  charge  passed  during  the  passivation 
of  steel  remained  nearly  unchanged  between  335 
mC/cm2  at  0.56  mA/cm2  and  180  mC/cm2  at  11.26 
mA/cm2  (Table  II).  An  about  2000%  change  in 
the  current  density  (0.56-11.26)  caused  only  a 
50%  change  in  the  passivation  charge.  The  passiv¬ 
ation  of  steel  is  accomplished  by  the  formation  of 
an  iron  oxalate  (FeC204)  interlayer  (electropo¬ 
lymerization  potential  [Ep]  s:  0.5  V)14,15: 


Table  I  Dependence  of  Electropolymerization 
Potential  and  Induction  Time  for 
Polymerization  on  the  Current  Density 


Current 

Density 

{mA/cm2) 

Induction 

Time 

(s) 

Peak 
Potential 
{V  vs.  SCE) 

Reaction 
Potential 
{V  vs.  SCE) 

1.13 

287 

0.84 

0.66 

2J25 

109 

0.88 

9.71 

4.50 

47 

1.04 

0.80 

7.88 

28 

1.34 

0.95 
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Figure  2  Induction  time  for  electropolymerization  of 
pyrrole  onto  steel  using  oxalic  acid  as  the  electrolyte. 

Fe2+  +  C2Or  +  2H20  -  FeC204*  2H20 

The  electropolymerization  of  pyrrole  is  believed 
to  commence  at  the  end  of  the  induction  period  at 
a  positive  potential  value  ( Ep  >  0.5  V  vs.  SCE) 
(Fig.  2).  The  electropolymerization  potential  of 


Table  II  Relationship  Between  Induction  Time 
and  Total  Charges  Passed  During 
Induction  Period 


Current 

Induction 

Passivation 

Density 

Time 

Charge 

(mA/cm2) 

(s) 

(mC/cm2) 

0.56 

598 

335 

1.13 

287 

324 

2.25 

109 

245 

3.38 

67 

226 

4.50 

47 

211 

5.63 

38 

214 

7.88 

28 

220 

11.26 

16 

180 

p 

Current  Density(mA/cm  ) 

Figure  3  Dependence  of  polymerization  potential  on 
the  current  density. 


pyrrole  increased  linearly  with  current  density 
(Cd)  (Fig.  3)  and  followed  the  relationship 

Ep  =  0.62  +  0.041  [Cd] 


Electropolymerization  Time(ks) 

Figure  4  Dependence  of  PPy  coating  formation  on 
current  density.  [M]  =  0.25M;  [Ox]  =  0.1  M;  WE  =  low 
carbon  steel. 
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Figure  5  Dependence  of  induction  time  and  electro¬ 
polymerization  potential  on  pyrrole  concentration. 


[PY] 

Figure  6  Dependence  i  f  polymerization  potential  on 
initial  pyrrole  concentration. 


The  amount  of  PPy  coatings  formed  on  steel  in¬ 
creased  with  an  increased  electropolymerization 
potential  in  agreement  with  our  earlier  findings.19 
The  weight  of  PPy  coatings  formed  onto  steel  in¬ 
creased  proportionately  with  current  density  and 
electropolymerization  time  (Fig.  4).  The  weight 
of  the  electrode  before  and  at  the  end  of  induction 
time  (passivation  time)  was  determined  and  no 
significant  change  occurred.  The  passivation  time 
was  taken  as  the  starting  time  for  the  electropo¬ 
lymerization  of  pyrrole. 

Effect  of  Initial  Monomer  Concentration 

The  concentration  of  oxalic  acid  was  kept  constant 
at  0.1M  and  the  current  density  was  kept  con¬ 
stant  at  2.25  mA/cm2 ,  while  pyrrole  concentration 
was  varied  from  0.1  to  0.8 M.  The  concentrations 
of  pyrrole  did  not  have  any  noticeable  effect  on 
Hie  passivation  i±me  tFig.  5).  This  suggests  that 
pyrrole  was  not  involved  in  the  passivation  of 
steel.  The  polymerization  potential  was  found  to 
decrease  exponentially  with  increased  pyrrole 
concentration: 

Ep  =  E0X  exp"[M] 

About  a  14%  decrease  in  the  polymerization  po¬ 


tential  occurred  when  the  monomer  concentration 
was  increased  by  75%  (Fig.  6).  The  lowering  of 
the  electropolymerization  potential  with  in- 


“Electropolymerization  Time  (ks) 

Figure  7  Dependence  of  coating  formation  on  initial 
pyrrole  concentration.  Cd  =  8.89  mA/cm2;  [Ox] 
=  0.1M;  WE  =  low  carbon  steel. 
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Figure  8  Dependence  of  polymerization  potential  on 
electrolyte  concentration  and  electropolymerization 
time. 


creased  monomer  concentration  maybe  due  to  im¬ 
proved  conductivity  of  the  PPy-coated  steel  sur¬ 
face.  It  was  reported  that  the  FeC204  layer  is  more 
insulating  than  is  the  FeC204~(PPy-(C204).225) 


Figure  9  Dependence  of  polymerization  potential  on 
electrolyte  concentration.. 


Figure  10  Dependence  of  polymerization  of  pyrrole 
on  electrolyte  concentration.  Cd  =  2.25  mA/cm2;  [M] 
=  0.5 M;  WE  —  low  carbon  steel. 

composite  interlayer.15  The  formation  of  PPy  in¬ 
creased  with  pyrrole  concentration  and  electropo¬ 
lymerization  time  (Fig.  7).  The  increment  in  the 
amount  of  PPy  formed  due  to  increased  pyrrole 
concentration  was,  however,  significantly  lower 
than  that  obtained  with  an  equivalent  increase  in 
the  current  density.  For  instance,  doubling  the 
current  density  from  2.25  to  4.5  mA/cm2  resulted 
in  the  doubling  of  the  amount  of  PPy  formed  from 
12.4  to  25  mg  (about  a  102%  increase)  after  39 
min  of  electropolymerization;  however,  doubling 
the  monomer  concentration  from  0.1  to  0.2M  re¬ 
sulted  in  only  a  slight  increase  in  the  amount  of 
PPy  formed  from  14.2  to  15.3  mg  (~  7.8%  in¬ 
crease)  after  38  min  of  electropolymerization. 


Effect  of  Electrolyte  Concentration 

The  concentration  of  pyrrole  was  kept  constant  at 
0.5 M  and  the  current  density  was  maintained  at 


Table  III  Elemental  Composition  of  PPy- 
Oxalate  Coatings  Formed  on  Low  Carbon  Steel 


Elements 

Content  (%) 

c 

58.67 

H 

3.70 

"N 

16.85 

O 

17.47 
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Figure  11  (Top)  SEM  micrograph  ofnoncoated  low 
carbon  steel.  SEM  micrograph  for  low  carbon  steel 
coated  with  PPy  formed  by  using  (middle)  low  current 
density  and  (bottom)  high  current  density. 


2.25  mA/cm2  while  the  concentration  of  oxalic 
acid  was  varied  from  0.05  to  0.4M.  The  induction 
time  for  polymerization  was  unaffected  by  electro¬ 
lyte  concentration  (Fig.  8),  confirming  that  the 
electrolyte  was  not  involved  in  the  passivation  of 
steel.  The  electropolymerization  potentials  of  pyr¬ 
role  decreased  gradually  with  electrolyte  concen¬ 
tration  (Fig.  9).  Subsequent  addition  of  oxalic 
acid  ( 2H  +  +  C20  f~  )aq  after  the  passivation  of  steel 
(formation  of  FeC204  interlayer)  lowers  the  resis¬ 
tance  of  the  steel-oxalate  interlayer,  resulting  in 
a  decreased  electrode  potential.15  The  amount  of 
PPy  formed  onto  the  steel  surface  was  indepen¬ 
dent  of  the  electrolyte  concentration  (Fig.  10 ) .  In¬ 
creasing  the  electrolyte  concentration  from  0.04 
to  0  AM  resulted  in  no  significant  change  in  the 
amount  of  PPy  formed,  irrespective  of  the  electro¬ 
polymerization  time.  The  role  of  oxalic  acid  is  to 
passivate  steel,  initiate  electropolymerization, 
and  dope  the  PPy  coatings. 


Composition  and  Morphology  of  the  Coatings 

The  elemental  composition  of  the  PPy  oxalate 
coatings  formed  on  steel  is  shown  in  Table  III. 
Elemental  analysis  confirms  the  presence  of  oxy¬ 
gen  in  the  coatings  and  indicates  that  oxalic  acid 
is  incorporated  into  PPy.  Using  the  oxalate  mo¬ 
noanion  as  the  counterion,  a  mol  ratio  of  pyrrole 
to  the  oxalate  monoanion  of  4.41 : 1  was  obtained. 

The  SEM  pictures  for  low  carbon  steel  and  PPy- 
coated  low  carbon  steel  are  shown  in  Figure  11. 
Overall,  the  surface  of  the  PPy  coatings  is  very 
smooth.  The  coatings  formed  by  passing  a  lower 
current  density  for  30  min  was  smoother  with  fine 
microspheroidal  grains.  The  PPy  coatings  formed 
at  a  higher  current  density  (Cd  =  7.88  mA/cm2) 
had  a  larger  microspheroidal  grain  size  than  that 
formed  at  a  lower  current  density  (Cd  =  1.13  mA/ 
cm2).  It  is  expected  that  tlie  dependence  of  the 
morphology  of  the  coatings  on  the  current  density 
would  be  reflected  in  the  properties  of  the  coat¬ 
ings. 
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ABSTRACT:  The  effect  of  process  parameters  on  the  conversion,  P,  and  current  effi¬ 
ciency,  7j,  for  the  aqueous  electropolymerization  of  pyrrole  on  low-carbon  steel  has  been 
investigated.  The  amount  of  polypyrrole  coatings  formed  on  steel,  Wp ,  increased  with 
the  charge  passed,  Q,  and  the  initial  pyrrole  concentration  [M],  but  was  unaffected 
by  the  electrolyte  concentration.  The  conversion  of  pyrrole  into  polypyrrole,  P  =  WPf 
WM,  increased  with  electropolymerization  time,  and  the  applied  current,  and  de¬ 
creased  with  the  initial  monomer  concentration.  The  oxalic  acid  concentration  had  no 
significant  effect  on  conversion.  The  current  efficiency  for  the  electropolymerization  of 
pyrrole  performed  by  using  high  applied  current,  I  (I  >:  40  mA),  and  high  pyrrole 
concentration,  [M]  0.5 M,  rose  to  its  highest  value  at  short  polymerization  times,  t 

<  300  sec.  It  then  decreased  and  leveled  off  at  longer  times,  t  >  1,000  sec.  At  low 
applied  current,  I  <  20  mA,  and  low  pyrrole  concentration,  [M]  <  0.25M,  the  current 
efficiency  increased  gradually  with  increased  reaction  parameters  ([M] ,  I,  and  t)  and 
reached  a  maximum  value  at  t  =  1,000  sec.  A  retrogression  of  the  current  efficiency 
occurred  at  t  >  1,000  sec,  for  the  reaction  performed  by  using  applied  current  of  10 
mA.  Overall,  the  current  efficiency  varied  between  39  and  130%,  with  the  higher  values 
occurring  at  high  pyrrole  concentration  and  high  applied  current.  The  current  efficiency 
was  determined  from  the  ratio  of  the  experimental  and  theoretical  electrochemical 
equivalents  for  polypyrrole.  ©  1997  John  Wiley  &  Sons,  Inc.  J  Appl  Polym  Sci  65:  617- 
624,  1997 

Key  words:  kinetics;  efficiency;  aqueous-electropolymerization;  polypyrrole-on-steel 


INTRODUCTION 

Electrochemical  polymerization  has  the  ability  to 
form  uniform  and  continuous  coatings  on  conduc¬ 
tive  substrates.  It  is  fast  and  inexpensive  and 
allows  in  situ  analysis  and  monitoring  of  the  coat¬ 
ing  process.  In  this  study,  constant  current  elec¬ 
tropolymerization  is  used.  The  total  charge 
passed  during  electropolymerization,  Q ,  is  deter¬ 
mined  as  the  product  of  the  applied  current,  /,  and 
the  time,  t ,  of  application.  In  constant  potential 
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coullometry,  the  total  charge  passed  can  be  re¬ 
lated  to  the  concentration  of  the  electroactive  spe¬ 
cies  in  the  cell  (see  reference  1). 

Polypyrrole  coatings  are  electrochemically 
formed  on  low-carbon  steel  with  the  intention  to 
protect  the  substrate  from  corrosion.  The  process 
parameters,  such  as  initial  pyrrole  concentration, 
oxalic  acid  concentration,  applied  current,  and  re¬ 
action  time,  are  systematically  varied.  By  de¬ 
termining  the  dependence  of  the  coating  process 
on  the  process  parameters,  we  can  control  the 
coating  formation  process  effectively  and  optimize 
the  eoating  structure  and  properties.  One  area  of 
the  coating  formation  process  of  interest  is  the 
efficiency.  The  efficiency  of  electropolymerization 
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refers  to  the  amount  of  polymer  formed  with  re¬ 
spect  to  the  charge  passed.  The  electrochemical 
formation  of  polypyrrole  involves  the  conversion 
of  pyrrole  into  polypyrrole  by  the  transfer  of  elec¬ 
trons  and  the  release  of  hydrogen  ions.2"6  As  a 
result,  by  determining  the  weight  of  polypyrrole 
formed  and  comparing  it  with  the  initial  weight 
of  pyrrole  in  the  feed,  one  can  estimate  the  extent 
of  conversion. 

The  first  step  in  the  electrochemical  polymer¬ 
ization  (oxidation)  of  pyrrole  is  the  formation  of 
radical  cations.  Dimerization  of  the  radical  cat¬ 
ions  is  accompanied  by  the  loss  of  two  hydrogen 
ions  from  the  2,5  position  of  the  pyrrole  ring.  The 
dimer  has  a  lower  half-wave  oxidation  potential 
than  the  monomer;  hence,  further  oxidation  of  the 
dimer  occurs  preferentially.2  The  electrochemi- 
cally  formed  polypyrrole  can  undergo  further 
oxidation,  resulting  in  a  partial  positive  charge  on 
the  pyrrole  ring.6  As  a  result  of  this,  the  polymer 
associates  with  an  anionic  species  (from  the  elec¬ 
trolyte  salt)  in  order  to  maintain  charge  neu¬ 
trality.7 

The  current  efficiencies  were  determined  in  ac¬ 
cordance  with  the  method  established  by  Schir- 
meisen  and  Beck.8  The  schematic  representation 
of  the  formation  of  polypyrrole  is  shown  below 
(Scheme  I): 


coatings  for  charge  compensation  during  electro¬ 
polymerization;  g  is  the  degree  of  insertion  of  the 
counter  ion  and  was  determined  by  elemental 
analysis.  By  use  of  the  above  model,  the  theoreti¬ 
cal  electrochemical  equivalent,  EEth,  for  polypyr¬ 
role  can  be  shown  to  be 

^theory  =  MI(zF) 

=  (MM'+yMA)/[(2+y)F]  (1) 

where  Mm  is  the  molecular  weight  of  the  repeat 
unit  (Mm  =  65 ) ,  MA  is  the  molecular  weight  of 
the  oxalate  ion,  y  =  \,  and  F  is  Faraday’s  constant 
(96,500  coulombs  per  equivalent). 

The  experimental  electrochemical  equivalent 
can  be  determined  from  eq.  (2): 

EEex  p  =  Wp/Q  (2) 

where  Wp  is  the  weight  of  polypyrrole  coatings,  and 
Q  is  the  charge  passed.  Since  the  constant  current 
method  was  used,  the  charge  passed  was  deter¬ 
mined  as  the  product  of  applied  current,  7,  and  the 
electropolymerization  time,  t,  i.e.,  Q  =  I  X  t. 

The  current  efficiency,  77,  is  obtained  from 
eq.  (3): 


Polypyrrole  oxalate 


Scheme  1  Formation  of  doped  polypyrrole. 


P  is  the  degree  of  polymerization;  the  counter  ion 
is  hydrogen  oxalate,  which  is  inserted  into  the 


7]  =  EE  exp  /  E  theory  (3) 

The  rate  constant  for  the  electropolymerization 
of  pyrrole  can  be  evaluated  by  recalling  that  the 
electropolymerization  of  pyrrole  is  preceded  by 
the  dimerization  of  the  radical  cation. 


Pyrrole 


H 

Radical  ion 


It  was  also  reported  that  the  dimer  has  a  lower 
oxidation  potential  and  should  be  oxidized  in  pref¬ 
erence  to  the  monomer.2,9,10  The  oxidized  dimers 
will  couple  with  each  other  to  form  a  tetramer. 
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+e 

H 


Tetramer 


Further  coupling  could  occur  between  the  tetra¬ 
mer  radical  ion  with  itself  or  with  a  dimer.  The 
possibility  of  a  hexamer  or  octamer  radical  ion 
coupling  with  themselves  or  with  a  dimer  or  tetra¬ 
mer  radical  ion  also  exists.  The  coupling  reaction 
will  seize  when  the  application  of  electric  current 
is  discontinued. 

If  the  monomer  is  represented  as  M,  then  the 
reaction  scheme  can  be  written  as  follows11-13: 


species  (dimer,  tetramer,  hexamer,  octamer  or 
prepolymer)  and  the  rate  constant  for  coupling, 
kc,  are  irrespective  of  the  size  of  the  species. 

The  rates  of  initiation,  Rt ,  and  propagation,  Rp , 
can  be  written  as  follows: 

Rate  of  initiation,  R, 


Ri  = 


d[M ’+] 
dt 


kj  [M]7 
FV 


for  constant  process  (8) 


Rate  of  coupling,  Rc  =  RP 


R<  =  - 


d[M ,+] 
dt 


=  kc[M’+Y‘ 


(9) 


At  steady  state,  Rt  +  Rc  =  0 


i.e., 


d[M'+] 

dt 


kdM]I 

FV 


-  kc[M'  + 


2 


[M'+] 


/  kjlYM]  \1/2 
V  VFke  ) 


0  (10) 
(11) 


Initiation 


M  +  I^M’+  +  e- 


Coupling 


2M'+  M  -  M  +  2 H+ 

Oxidation  of  dimer 

M-M  +  I-+M  -  M'+  +  e~ 


(4) 


(5) 


(6) 


Rp  =  kc[M-+]2  =  (12) 

JbV  at 

where  k,  is  the  rate  constant  for  initiation,  kc  is 
the  rate  constant  for  coupling  (propagation),  I  is 
the  applied  current,  F  is  the  Faraday’s  constant 
(96,500  coulombs /mol),  V  is  the  volume  of  the 
monomer-electrolyte  solution,  [M]  is  the  mono¬ 
mer  concentration,  and  [ikf*+]  is  the  concentra¬ 
tion  of  the  radical  cation. 

By  solving  eq.  ( 12)  and  substituting  ( 1  -  P)M0 
for  [ M ] ,  we  obtain  eq.  (13): 


Coupling  of  dimer  radical  cation 


ln(l  -  P) 


kjt 

FV 


(13) 


2M  -  M*+  M-M-M-M  +  2  H+  (7)  By  substituting/  Xt  -Q,  we  obtain  an  expres¬ 

sion  that  relates  the  conversion  to  the  charge 
The  electro  chemical  polymerization  can  he  ap-  passed  per  unit  volume 
proximated  to  a  series  of  oxidation  (initiation) 

and  coupling  (propagation)  steps.  The  formation  -ln(l-P)=^^  (14) 

of  the  monomer  radical  cation,  AT' + ,  is  the  slowest  FV 

of  the  initiation  reactions.  Recall  that  it  was 

shown  that  the  oxidation  potential  of  the  dimer  ki  can  be  determined  from  the  slope  of  ln(  l  —  P) 

is  lower  than  that  for  pyrrole.2,9,10  We  can  assume  versus  t  or  ln(  1  —  P)  versus  Q  plot. 

that  the  oxidation  potential  of  the  intermediate  The  conversion,  P,  is  taken  as  the  ratio  of  the 
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weight  of  the  polymer  coatings,  WPf  to  the  initial 
weight  of  pyrrole,  WM ,  in  the  feed: 


In  this  article,  the  effect  of  applied  current,  initial 
pyrrole  concentration,  electrolyte  concentration, 
and  reaction  time  on  the  current  efficiency  and 
conversion  is  presented.  The  dependence  of  the 
weight  of  the  polypyrrole  coatings  formed  on  low- 
carbon  steel  on  the  charge  passed  and  the  process 
parameters,  respectively,  was  also  determined.  It 
is  hoped  that  by  manipulating  the  electrochemical 
process  parameters,  optimal  coating  microstruc¬ 
ture  and  coating  properties  will  be  established. 
Pyrrole  was  choosen  for  this  study  because  the 
starting  material  is  soluble  in  water  and  allows 
for  controllable  film  formation  in  aqueous  me¬ 
dium.  The  aqueous  electrochemical  polymeriza¬ 
tion  of  pyrrole  is  easy  to  control,  cost  effective, 
and  environmentally  safe.  Polypyrrole  is  also  one 
of  the  class  of  conducting  polymers  that  have  cor¬ 
rosion-resistant  capability.  The  electropolymeri¬ 
zation  of  pyrrole  onto  reactive  metals  such  as  steel 
and  aluminum  is  believed  to  be  an  effective  re¬ 
placement  for  the  hazardous  chromate  rinse  pro¬ 
cess  used  to  prime  steel.  The  structure  and  prop¬ 
erties  of  polypyrrole  coatings  are,  however,  depen¬ 
dent  on  the  electrochemical  process  variables. 
Judicious  control  of  the  reaction  variables  is  nec¬ 
essary  in  order  to  form  pinhole-free,  adherent, 
tough,  and  corrosion-resistant  polypyrrole  coat¬ 
ings. 


EXPERIMENTAL 

Materials 

Pyrrole  (98%)  and  oxalic  acid  (98%)  were  pur¬ 
chased  from  Aldrich  Chemical  Company,  Inc.  Tet- 
rachloroethylene  and  methanol  were  also  pur¬ 
chased  from  Aldrich  Chemical  Company.  The 
reagents  were  dissolved  in  deionized  water  pre¬ 
pared  in  our  department. 

The  working  electrode  is  a  0.5-mm-thick  QD 
low-carbon  steel  panel  purchased  from  the  Q- 
panel  Company.  The  working  electrode  was  de¬ 
greased  with  tetrachloroethylene  for  about  an 
hour  prior  to  electrochemical  polymerization.  The 
counter  electrodes  were  composed  of  two  titanium 
alloy  plates.  A  saturated  calomel  electrode  ( SCE ) , 


Electropolymerization  time  (ks) 

Figure  1  Dependence  of  conversion  on  initial  pyrrole 
concentration  and  time. 


manufactured  by  Corning  Company,  was  used  as 
the  reference  electrode.  Constant-current  electro¬ 
polymerization  of  pyrrole  was  performed  with  an 
EG  &  G  Princeton  Applied  Research  Potentiostat/ 
Galvanostat,  Model  273A. 

Electropolymerization 

The  electropolymerization  of  pyrrole  was  carried 
out  in  a  one-compartment  polypropylene  cell.  The 
current  densities  used  in  this  study  ranged  from 
0.22  to  11.26  mA/cm2.  The  initial  concentration  of 
oxalic  acid  was  varied  from  0.05  to  0.4M,  while  the 
initial  monomer  concentration  was  varied  from  0.1 
to  0.8M  Electropolymerization  was  performed  for 
300-2,400  sec. 

The  coated  steel  was  rinsed  with  methanol  and 
dried  at  65°C  in  a  vacuum  oven  to  constant 
weight.  The  weight  of  the  coatings  was  deter¬ 
mined  as  the  difference  between  the  coated  and 
noncoated  steel  (control). 

Characterization 

Elemental  analysis  of  the  coatings  extracted  from 
coated  steel  was  performed  by  Galbraith  Labora¬ 
tories,  Inc.  The  ratio  of  pyrrole  to  hydrogen  oxa¬ 
late  ion  was  determined  to  be  5  :  1. 

RESULTS  AND  DISCUSSION 

Figures  1—3  show  the  variation  of  conversion  {P 
-  (WPIWM))  with  the  initial  pyrrole  concentra- 
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Electropolymerization  time  (ks) 

Figure  2  Dependence  of  conversion  (Cd)  on  the  ap¬ 
plied  current  (working  electrode  area  =  8.89  cm2). 


Charge  passed  (C) 

Figure  4  Dependence  of  the  weight  of  polypyrrole 
coatings  formed  on  steel  on  the  charge  passed  and  the 
applied  current. 


tion,  the  oxalic  acid  concentration  and  the  applied 
current,  respectively,  as  a  function  of  electropo¬ 
lymerization  time.  The  initial  pyrrole  concentra¬ 
tion  was  varied  between  0.1  and  0.8M,  while  the 
electrolyte  concentration  and  applied  current 
were  varied  between  0.05  and  0AM  and  10  to  70 
mA,  respectively.  Electropolymerization  time  was 
varied  between  200  and  3,000  sec.  The  conversion 
of  polypyrrole  varied  inversely  with  initial  pyrrole 
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Electropolymerization  time  (ks) 

Figure  3  Dependence  of  conversion  on  oxalic  acid 
concentration  ( [ox] ) . 


concentration  (Fig.  1)  and  proportionately  with 
applied  current  (Fig.  2)  and  reaction  time  (Figs. 
1-3).  Increasing  the  initial  pyrrole  concentration 
from  0.1  to  0.8M  (700%  increase)  resulted  in 
a  decrease  in  the  conversion  from  1.5  to  0.31% 
(~  80%  decrease)  for  t  -  40  min,  [OA]  =  0.1M, 
I  =  20  mA,  and  working  electrode  area  of  8.89 
cm2.  The  inverse  relationship  between  pyrrole 
concentration  and  conversion  was  also  confirmed 
at  short  reaction  times.  For  example,  increasing 
the  pyrrole  concentration  from  0.1  to  0.8M  (700% 
increase)  resulted  in  a  decrease  in  conversion 
from  1.2  to  0.05%  (96%  decrease)  for  t  =  2.5  min 
(all  other  reaction  conditions  were  maintained 
constant) .  The  effect  of  applied  current  on  conver¬ 
sion  is  shown  on  Figure  2.  Increasing  the  applied 
current  from  10  to  70  mA  (600%  increase)  re¬ 
sulted  in  an  increase  in  conversion  from  0.36  to 
2.9%  (700%  increase)  (Figure  2)  (t  =  46  min,  [ M ] 
=  0.25 M,  [OA}  =  0.1M).  Conversion  was  not  de¬ 
pendent  on  the  electrolyte  concentration  (Fig.  3 ) . 
Increasing  oxalic  acid  concentration  from  0,05  to 
0.4M  (700%  increase)  resulted  in  only  a  slight 
change  in  conversion  from  0.48  to  0.45%  (0% 
change)  at  t  ~  40  min  ([M]  =  0.5 M,  I  =  20  mA). 

The  dependence  of  the  weight  of  polypyrrole 
coatings  formed  on  steel  on  the  charge  passed  as 
a  function  of  the  reaction  parameters  (7,  [M]  and 
[OA])  is  shown  on  Figures  4—6.  The  weight  of 
polypyrrole  coatings  increased  with  the  charge 
passed  and  was  unaffected  by  the  magnitude  of 
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Charge  passed  (C) 


Figure  5  Dependence  of  the  weight  of  polypyrrole 
coatings  formed  on  steel  on  the  charge  passed  and  the 
initial  pyrrole  concentration. 

the  applied  current,  as  was  expected  (Fig.  4).  The 
weight  of  polypyrrole  coatings  increased  with  pyr¬ 
role  concentration  per  unit  charge  (Fig.  5).  The 
weight  of  polypyrrole  coatings  increased  from  0.8 
to  2.7  mg  as  the  pyrrole  concentration  was  in¬ 
creased  from  0.1  to  0.8M,  for  23  coulombs  of 
charge  passed  (Fig.  5).  However,  the  weight  of 


Charge  passed  (C) 


Figure  6  Dependence  of  the  weight  of  polypyrrole 
coatings  formed  on  steel  on  the  charge  passed  and  oxa¬ 
lic  acid  concentration. 


0  12  3 


Electropolymerization  time  (ks) 

Figure  7  Dependence  of  current  efficiency  on  the  ap¬ 
plied  current  and  reaction  time. 

polypyrrole  coatings  per  mole  of  pyrrole  (mono¬ 
mer  efficiency)  decreased  with  increased  pyrrole 
concentration.  The  weight  of  coatings  per  mole  of 
pyrrole  decreased  from  8  to  3  mg/mol  as  the  pyr¬ 
role  concentration  was  increased  from  0.1  to 
0.8M  Increasing  electrolyte  concentration  de¬ 
creased  the  efficiency  per  mole  of  electrolyte  (elec¬ 
trolyte  efficiency).  The  weight  of  polypyrrole  coat¬ 
ings  was  unaffected  by  the  electrolyte  concentra¬ 
tion  (Fig.  6),  indicating  that  the  electrolyte  was 
not  involved  in  the  coupling  reaction.  The  weight 
of  polypyrrole  coatings  formed  on  steel  increased 
with  the  charge  passed  and  pyrrole  concentration 
but  was  unaffected  by  the  applied  current  or  the 
oxalic  acid  concentration. 

The  dependence  of  the  current  efficiency  on  the 
reaction  parameters  is  shown  on  Figures  7-9. 
Generally,  the  current  efficiency  rose  to  a  maxi¬ 
mum  value  at  low  reaction  time,  followed  by  a 
gradual  decrease  before  attaining  a  constant 
value  that  is  invariant  with  time  (Figs.  7-9) .  The 
effect  of  applied  current  and  initial  pyrrole  con¬ 
centration  is  shown  on  Figures  7  and  8,  respec¬ 
tively.  For  the  electropolymerization  of  pyrrole 
performed  by  using  high  applied  current  (I  ^  40 
mA)  and  high  pyrrole  concentration  ([M]  >  0.5M), 
the  current  efficiency  rose  to  its  highest  value  at 
short  reaction  times,  t  <  300  sec.  It  then  de¬ 
creased  and  leveled  off  at  longer  times,  t  1,000 
sec.  At  low  applied  current  ss  20  mA  and  low  pyx- 
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Electropolymerization  time  (ks)  Charge  (C) 


Figure  8  Dependence  of  current  efficiency  on  initial  Figure  10  Variation  of  the  rate  constant  for  polymer- 
pyrrole  concentration.  ization  with  applied  current. 


role  concentration,  [ M ]  <  0.25 M,  the  current  ef¬ 
ficiency  increased  gradually  with  increased  reac¬ 
tion  parameter  (/,  [M] ,  and  t)  and  leveled  off  after 
1,000  sec  of  electropolymerization.  A  retrogressive 
decrease  in  the  current  efficiency  occurred  at  t 
>  1,000  sec  for  the  reactions  performed  by  using 
an  applied  current  of  10  mA.  Overall,  the  current 
efficiency  varied  between  39  and  130%,  with  the 
higher  values  occurring  at  high  pyrrole  concentra¬ 


tion  and  high  applied  current.  Figure  9  shows  the 
dependence  of  the  current  efficiency  on  the  elec¬ 
trolyte  concentration  and  time.  At  low  reaction 
times,  t  <  600  sec,  the  current  efficiency  increased 
with  electropolymerization  time,  t  <  600  sec,  and 
leveled  off  at  t  >  1,000  sec.  A  subsequent  increase 
in  the  reaction  time  above  1,000  sec  resulted  in 
no  significant  changes  in  the  current  efficiency 
(Fig.  9). 

Figures  10-12  show  a  second-order  kinetic 
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Electropolymerization  time  (ks) 

Figure  9  Dependence  of  current  efficiency  on  oxalic 
acid  concentration. 


Charge  (C) 

Figure  11  Variation  of  the  rate  constant  for  polymer¬ 
ization  with  initial  pyrrole  concentration. 
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Figure  12  Variation  of  the  rate  constant  for  electro- 
polymerization  of  pyrrole  on  oxalic  acid  concentration. 


plot,  ln(l  -  P)  versus  Q,  for  the  aqueous  electro¬ 
polymerization  of  pyrrole  on  low-carbon  steel.  The 
rate  constant  for  electropolymerization  can  be  es¬ 
timated  from  the  slope  of  Figures  10—12.  The 
slope  of  ln(  1  —  P)  versus  Q  plot  was  unaffected  by 
the  value  of  the  applied  current,  as  was  expected. 
Increasing  the  applied  current  from  10  to  70  mA 
resulted  in  no  significant  change  in  the  slope  from 
1.35  X  10 "4  to  1.47  X  10  “4  (Fig.  10).  Increasing 
the  initial  pyrrole  concentration,  however,  re¬ 
sulted  in  a  decrease  in  the  slope  of  ln(l  —  P) 
versus  Q  (Fig.  11 ) .  Varying  the  pyrrole  concentra¬ 
tion  from  0.1  to  0.8M  resulted  in  a  decrease  in 
the  rate  constant  from  3.30  X  10  “3  to  6.1  X  10  "5. 
The  electrolyte  concentration  has  no  significant 
effect  on  the  rate  constant.  Changing  the  electro¬ 
lyte  concentration  from  0.05  to  0.4M  resulted  in 
no  change  in  the  slope  (Fig.  12). 

CONCLUSION 

The  effect  of  electropolymerization  reaction  pa¬ 
rameters  on  the  conversion  of  polypyrrole  and  the 
efficiency  of  aqueous  electropolymerization  on 
steel  has  been  investigated.  The  conversion  of 
polypyrrole  increased  with  the  applied  current 
and  decreased  with  initial  pyrrole  concentration. 


There  was  no  dependence  of  conversion  on  the 
electrolyte  concentration.  The  amount  of  coatings 
formed  on  steel  increased  with  the  total  charge 
passed  but  was  unaffected  by  the  applied  current 
or  the  electrolyte  concentration.  It,  however,  in¬ 
creased  with  initial  pyrrole  concentration.  The 
current  efficiency  was  high  at  short  reaction 
times.  It  declined  gradually  and  remained  un¬ 
changed  after  about  1,000  sec  of  electropolymeri¬ 
zation.  Very  high  current  efficiency  was  obtained 
at  high  monomer  concentration  and  high  applied 
current  at  short  reaction  times  t  <  1,000  sec. 
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Abstract 


Polypyrrole  coatings  have  been  successfully  formed  on  low  carbon  steel  by  aqueous  electrochemical  process.  The  effects  of  electrochemical 
process  parameters  such  as  pH  of  the  reaction  medium,  applied  current  density  and  initial  monomer  and  electrolyte  concentrations  on  the 
formation  process  of  polypyrrole  coatings  were  systematically  investigated.  The  composition  and  morphology  of  the  coatings  were  studied 
by  FT-IR,  elemental  analysis  and  scanning  electron  microscopy  (SEM).  Our  results  show  that  passivation  of  the  steel,  electropolymerization 
of  pyrrole,  the  morphology  and  properties  of  the  coatings  were  all  dependent  on  the  electrochemical  process  parameters.  By  proper  choice  of 
the  electrochemical  process  parameters,  the  passivation  of  the  steel  could  be  established  within  a  short  time  and  smooth,  uniform,  strongly 
adherent  coatings  could  be  formed  on  the  steel  substrate.  ©  1998  Elsevier  Science  S.A.  All  rights  reserved. 

Keywords:  Polypyrrole;  Steel;  Electrochemical  process  parameters;  Synthesis;  Coatings 


1.  Introduction 

It  is  well  known  that  corrosion  is  largely  an  electrochemical 
reaction  occurring  on  the  surface  of  the  metals.  One  of  the 
approaches  to  protect  metals  against  corrosion  is  the  appli¬ 
cation  of  polymeric  coatings  that  are  capable  of  inhibiting  the 
oxidation  of  metals.  However,  in  the  traditional  coating  tech¬ 
niques,  the  hazardous  and  environmentally  unsafe  chromate 
rinse  process  is  generally  required  [1-3].  Electropolymeri¬ 
zation  is  an  alternative  process  which  can  provide  polymeric 
coatings  without  invol  ving  toxic  chemicals.  Other  advantages 
of  electropolymerization  are  that  it  can  be  easily  automated 
and  the  chemical  and  physical  properties  of  the  coatings  can 
be  controlled  by  varying  the  reaction  parameters  such  as  the 
current  density,  monomer  concentration,  electrolyte  type, 
electrolyte  concentration,  pH  of  the  medium  and  the  reaction 
time, 

Polypyrrole  is  one  of  the  most  important  conducting  poly¬ 
mers  and  its  free-standing  films  with  high  conductivity  have 
been  successfully  prepared  by  electrochemical  method 
[4-8] .  Generally  inert  electrodes  such  as  platinum  are  used 
to  prepare  the  free-standing  'films.  Recently,  attempts  have 
also  been  made  to  investigate  the  formation  of  polypyrrole 
on  oxidizable  iron  electrode  by  electrochemical  method. 
Cheung  et  al.  [9]  reported  that  fibrilar polypyrrole  could  be 
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formed  on  iron  in  propylene  carbonate  and  tetraethylammon- 
ium  toluenesulfonate  media.  Ferreira  etal.  [10]  investigated 
the  electropolymerization  of  pyrrole  on  iron  in  different 
organic  solvents  and  found  that  the  formation  of  polypyrrole 
was  dependent  on  the  acidity  of  the  medium.  Beck  et  al.  [  1 1- 
13]  also  investigated  many  aqueous  electrolytes  and  showed 
that  potassium  nitrate  (KN03)  and  oxalic  acid  (H2C204) 
could  lead  to  the  formation  of  polypyrrole  on  iron.  It  was 
found  (that  polypyrrole  coatings  formed  in  aqueous  oxalic 
acid  medium  had  very  strong  adhesion  to  the  steel  surfaces. 
Su  and  Iroh  [14,15]  also  investigated  the  kinetics  and  effi¬ 
ciency  of  electropolymerization  of  pyrrole  on  steel  in  aqueous 
oxalic  acid  medium.  Recently,  we  found  that  the  formation 
process  and  properties  of  this  kind  of  coating  were  .greatly 
influenced  by  the  electrochemical  process  parameters.  In  this 
paper,  we  report  the  results  of  our  preliminary  investigation. 


2.  Experimental 

All  chemicals  were  Aldrich  products  except  for  sodium 
bicarbonate  (NaHC03)  which  was  purchased  from  Fisher 
Scientific.  All  aqueous  solutions  used  in  the  experiments  were 
made  from  deionized  water. 

Aqueous  electropolymerization  of  pyrrole  was  performed 
in  a  one-compartment  polypropylene  cell.  The  working  elec- 
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trode  was  a  0.5  mm  thick  QD  low  carbon  steel  panel  provided 
by  Q-panel  Company.  The  working  electrode  was  degreased 
with  tetrachloroethylene  for  about  1  h  prior  to  the  electro- 
polymerization.  The  coated  surface  area  of  the  electrode  was 
8.89  cm2.  The  counter  electrodes  comprised  two  titanium 
alloy  plates.  A  saturated  calomel  electrode  (SCE)  manufac¬ 
tured  by  Coming  Company  was  used  as  reference  electrode. 
The  working  electrode  and  the  counter  electrode  were  used 
as  anode  and  cathode,  respectively.  The  instrument  used  to 
electrochemically  coat  the  low  carbon  steel  sheets  was  an 
EG&G  Princeton  Applied  Research  model  273A  potentio- 
stat/galvanostat. 

The  constant  current  method  was  the  technique  used  in  this 
experiment.  The  applied  current  density  (z)  was  varied  from 
0.5  to  6  mA/cm2.  The  initial  pyrrole  (Py)  concentration  was 
varied  from  0. 1  to  0.8  M  while  the  initial  electrolyte  concen¬ 
tration  was  changed  from  0.05  to  0.4  M.  The  electrochemical 
reactions  were  carried  out  in  media  of  five  different  pHs, 
which  were  1 .4,  2.4,  4.1,  6.0  and  8.4.  The  pH  of  the  solution 
containing  pyrrole  (Py)  and  oxalic  acid  (OA)  was  adjusted 
by  sodium  bicarbonate.  The  electropolymerization  time  was 
fixed  at  1800  s.  After  each  experiment,  the  coated  steel  sheet 
was  rinsed  with  water  and  methanol  and  dried  in  a  vacuum 
oven  at  65°C  to  constant  weight. 

Elemental  analysis  of  the  coatings  scraped  from  the  sub¬ 
strate  was  done  by  Galbraith  Laboratories,  Inc.  The  IR  spectra 
of  the  coatings  were  measured  by  a  BIO-RAD  FTS-40  FT- 
IR  spectrometer.  The  morphology  of  the  coatings  was  exam¬ 
ined  by  scanning  electron  microscopy  (SEM).  The  samples 
were  shadowed  with  gold  to  enhance  their  conductivity. 


3.  Results  and  discussion 

3.  1.  Effects  of  pH  and  applied  current  density 

In  this  part  of  the  experiments,  the  pH  of  the  reaction 
medium  and  the  applied  current  density  (i)  were  varied  in  a 
very  wide  range  while  the  initial  monomer  and  electrolyte 
concentrations  were  kept  constant  at  0.25  and  0.1  M, 
respectively. 

Figs.  1  and  2  show  the  potential-time  curves  for  the  for¬ 
mation  of  polypyrrole  coatings  in  different  reaction  media  at 
two  different  applied  current  densities.  It  can  be  seen  that  the 
potential-time  curves  were  different  in  media  of  different  pH. 
In  acidic  medium,  the  formation  process  of  polypyrrole  was 
characterized  by  two  distinct  stages.  In  the  first  stage,  fee 
potential  of  fee  reaction  was  negative  and  no  black  polypyr¬ 
role  was  produced  on  the  substrate.  At  the  end  of  the  first 
stage,  the  potential  rose  sharply  to  a  positive  maximum  value, 
then  decreased  quickly,  and  at  last  reached  a  steady-state 
value.  Black  polypyrrole  coatings  began  to  form  on  the 
substrate  during  the  second  stage. 

The  first  stage  can  be  regarded  as  fee  induction  period  of 
the  electropolymerization  of  pyrrole.  As  shown  in  Figs.  1—7, 
this  induction  period  was  greatly  influenced  by  the  applied 
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Fig.  1.  Potential-time  curves  for  the  formation  of  polypyrrole  coatings  on 
steel  at  different  pH  (i  — 0.56  mA/cm2,  [Py]  —0.25  M,  [RX]  =0,1  M). 


Fig.  2.  Potential-time  curves  for  the  formation  of  poly  pyrrole  coatings  on 
steel  at  different  pH  (/  =  2.25  mA/cm2,  [Py]  —0.25  M,  [RX]  —  0.1  M), 


current  density  and  the  pH  of  fee  reaction  medium.  For  all 
the  acidic  media,  the  induction  time  (t)  decreased  rapidly 
with  increasing  current  density.  Fot  example,  for  the  reaction 
medium  of  pH  2.4,  application  of  current  density  of  0.56 
mA/cm2  resulted  in  an  induction  time  of  about  354  s;  how¬ 
ever,  the  induction  time  became  only  about 24  s  at  5.63  mA/ 
cm2.  The  effect  of  applied  current  density  was  more  signifi¬ 
cant  for  the  reaction  medium  of  pH  6.0,  When  current  density 
was  below  1.13  mA/cm2,  the  induction  time  was  so  longthat 
no  passivation  of  steel  was  established  even  after  30-min 
reaction.  Increasing  the  applied  current  density  above  2.25 
mA/cm2  led  to  the  passivation  of  the  steel  and  the  induction 
time  was  only  82  s  at  5.63  mA/ cm2. 
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Fig.  4.  Potential-time  curves  for  the  formation  of  polypyrrole  coatings 
on  steel  at  different  cuirent  density  at  pH  =  6.0  ([Py]  =0.25  M,  [RX]  = 
0.1  M), 


Pig.  6  shows  the  relationship  between  ln(induction  time) 
and  in  (current  density)  for  the  four  acidic  media.  For  each 
reaction  medium,  a  linear  relationship  is  obtained,  which  can 
be  expressed  by  the  following  equations: 


pH =1.4: 

In  r =5.72 -1.22  In  i 

(1) 

pH=2.4: 

In  r= 5.22 -1.16 Ini 

(2) 

pH=4.1: 

In  r=  5.98 - 1.42 Ini 

(3) 

pH =6.0: 

In  r=9.95— 3.15  Ini 

(4) 

Fig.  5.  Relationship  between  induction  time  and  current  density  at  different 
pH  ( [Py]  =0.25  M,  [RX]=0.1M). 


Fig.  6.  Dependence  of  induction  time  on  the  applied  current  density  at 
different  pH  ( [Py]  =0.25  M,  [RX]  =0.1  M). 


Induction  time  was  also  changed  with  pH  of  the  reaction 
medium.  For  the  same  applied  current  density,  induction  time 
was  shortest  in  the  medium  of  pH  2.4  while  it  became  longest 
in  the  medium  of  pH  6.0.  Overall,  the  induction  time  is^varfed 
according  to  following  sequence: 

TpH=6.0^TpH^4.1^>7pH«=  1.4>rpH-2.4  (5) 

Por  the  acidic  medium,  the  difference  in  induction  time  is 
very  large  at  low  current  density,  but  the  induction  times  tend 
to  become  very  close  to  each  other  at  higher  current  density. 
For  example,  at  the  current  density  of  0.56  mA/cm2,  the 
induction  time  at  pH  —  2.4  was  about  350  s;  however,  no 
passivation  of  steel  was  observed  at  pH  =  6.0  even  after  30- 
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Fig.  8.  Relationship  between  eiectropolymerization  potential  and  current 
density  at  different  pH  ( [ Py ]  =0.25  M,  { RX]  =0J  M). 


min  reaction.  At  the  applied  current  density  of  2.25  mA/ cm2, 
the  induction  time  became  very  close  for  the  reaction  medium 
with  pH  below  4.1.  The  induction  time  at  pH  =  6.0  was  still 
much  higher  than  in  those  media  of  lower  pH.  When  the 
applied  current  density  was  increased  to  5.63  mA/cm2,  the 
induction  times  became  close  to  each  other  for  the  four 
reaction  media. 

Fig.  7  shows  the  change  of  charge  consumed  during  the 
induction  period  with  applied  current  density  for  the  acidic 
medium.  Compared  with  the  induction  time,  the  passivation 
charge  shows  slightly  different  behaviour.  When  the  pH  of 
tire  reaction  medium  was  below  4.1,  the  passivation  charge 
only  decreased  very  slowly  with  increasing  current  density. 
For  example,  the  passivation  charge  was  198  mC/cm2at0.56 
mA/cm2  for  the  medium  of  pH  2.4,  but  it  only  became  135 
mC/cm2  at  5.63  mA/cm2.  For  the  reaction  medium  of  pH 
6.0,  it  showed  a  much  higher  passivation  charge  than  those 
of  the  other  three  systems  at  2.25  mA/ cm2,  but  its  passivation 
charge  decreased  very  rapidly  with  further  increase  of  current 
density.  At  5.63  mA/cm2,  the  passivation  charge  actually 
became  very  close  to  those  of  the  other  three  systems. 

Beck  et  al.  [  12,13]  suggested  that  the  passivation  of  the 
iron  was  due  to  the  formation  of  the  iron  ( II).  oxalate  interlayer 
when  oxalic  acid  was  the  electrolyte.  But  it  seems  that  the 
formation  of  the  iron  oxalate  interlayer  is  dramatically 
dependent  on  the  applied  current  density  and  pH  of  Ihexeac- 
tion  medium.  The  detailed  mechanism  is  being  studied  in  our 
lab. 

The  second  stage  of  the  formation  process  of  polypyrrole 
is  associated  with  the  polymerization  of  pyrrole  on  the  steel 
substrate.  The  first  positive  potential  peak  is  perhaps  related 
to  the  nucleation  of  polypyrrole  on  the  steel  electrode 
[16,17].  It  has  been  reported  that  the  nucleation  and  three- 
dimensional  growth  is  the  mechanism  for  the  deposition  of 


polypyrrole  on  platinum  and  pyrrole  oxidizes  more  readily 
on  polypyrrole  than  on  platinum  [16].  After  the  peak,  the 
eiectropolymerization  potential  tended  to  become  very  steady 
during  the  rest  of  the  reaction.  Fig.  8  shows  the  relationship 
between  the  steady-state  eiectropolymerization  potential  and 
the  applied  current  density  for  the  four  acidic  media.  As 
shown  in  Fig.  8,  the  eiectropolymerization  potentials  all 
increase  linearly  with  the  applied  current  density  and  follow 
the  relationships: 


-a 

X 

i! 

1 — i 

Ep =0.62+0.038/ 

(6) 

pH =2.4: 

£p=0.58+0.094/ 

(7) 

pH- 4.1: 

£p  — 0.53  +  0.088! 

(8) 

pH- 6.0: 

£p =0.25  +0.22/ 

(9) 

This  potential  change  with  current  density  may  have  some¬ 
thing  to  do  with  the  deficiency  of  electrons  on  the  surface  of 
the  electrode.  More  electrons  are  removed  from  the  electrode 
when  the  applied  current  density  is  increased.  Due  to  the  slow 
reaction  of  the  monomer,  the  electron  deficiency  cannot  com¬ 
pensate  immediately  by  the  reaction,  thus  the  deficiency  of 
electrons  will  result  in  a  positive  potential  change.  It  can  also 
be  seen  from  Fig.  8  that  higher  current  density  has  more 
significant  effect  on  the  eiectropolymerization  potential  of 
pyrrole.  Asavapiriyanont  et  al.  [16]  have  reported  that  the 
eiectropolymerization  of  pyrrole  is  independent  of  pH.  Per¬ 
haps  the  voltage  drop  through  the  interlayer  is  different  for 
different  acidic  media. 

The  formation  process  of  polypyrrole  in  alkaline  medium 
was  quite  different  from  that  in  acidic  medium.  It  can  be  seen 
from  Fig.  9  that  no  induction  time  was  observed  when  the  pH 
of  the  reaction  medium  was  8.4.  These  results  are  not  unusual. 
According  to  a  Pourbaix  diagram,  the  application  of  an  anodic 
potential  to  an  iron  sheet  immersed  in  alkaline  medium  will 
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Fig.  10.  Potential-time  curves  for  the  formation  of  polypyrrole  coatings 
on  steel  at  different  monomer  concentrations  O' =  2.25  mA/cm2,  [OA]  = 
0.1  M). 


bring  about  the  passivation  of  the  iron  [  1 8, 1 9] .  However,  in 
alkaline  medium,  steady-state  electropolymerization  poten¬ 
tial  was  only  observed  when  the  current  density  was  5.63 
mA/cm2.  When  the  applied  current  densities  were  below  5.63 
mA/cm2,  the  potential  first  decreased  with  time,  then  tended 
to  a  steady-state  value;  the  reproducibility  of  the  potential¬ 
time  curves  was  poor.  The  detailed  mechanism  of  this  phe¬ 
nomenon  is  not  clear.  Perhaps  the  interlayer  formed  at  lower 
current  density  was  not  very  stable.  For  the  same  applied 
current  density,  the  electropolymerization  potential  of  pyrrole 
in  alkaline  medium  was  much  higher  than  that  in  acidic 
medium. 

3.2.  Effects  of  monomer  and  electrolyte  concentrations 

The  effect  of  monomer  and  electrolyte  concentrations  on 
the  anodic  synthesis  of  polypyrrole  coatings  was  investigated 
in  a  medium  of  pH  1.4.  In  order  to  determine  the  effect  of 
initial  monomer  concentration,  the  concentration  of  oxalic 
acid  and  the  applied  current  density  were  kept  constant  at  0.1 
M  and  2.25  mA/ cm2,  respectively.  The  electrochemical  reac¬ 
tions  were  performed  at  four  different  monomer  concentra¬ 
tions:  0.1,  0,25,  0.5  and  0.8  M.  As  shown  in  Figs.  10  and  11, 
the  concentration  of  pyrrole  did  not  have  any  -noticeable  effect 
on  die  induction  time.  The  .electropolyrnerization  potential, 
however,  decreased  slightly  with  increasing  monomer  con¬ 
centration.  This  phenomenon  may  be  associated  with  the 
process  of  an  electrochemical  reaction.  The  electropolymer¬ 
ization  of  pyrrole  generally  consists  of  two  continuous  steps. 
The  first  step  is  the  diffusion  of  pyrrole  monomer  to  the 
electrode  surface,  the  rate  of  this  step  is  determined  by  the 
pyrrole  concentration.  The  second  step  is  the  oxidation  reac¬ 
tion  of  pyrrole  at  the  interface  between  the  electrode  and 
electrolyte  solution.  Since  the  applied  current  density  and  the 


Fig.  11,  Variation  of  electropolymerization  potential  with  initial  monomer 
concentration  (i  =  2.25  mA/cm2,  [OA]  =0.1  M). 


electrolyte  concentration  were  kept  constant,  the  rate  of  the 
reaction  was  determined  by  the  amount  of  monomer  available 
at  the  interface  at  unit  time.  For  higher  monomer  concentra¬ 
tion,  the  positive  charge  at  the  working  electrode  is  rapidly 
consumed  by  pyrrole,  the  accumulation  of  the  charge  at  the 
electrode  is  lower,  thus  the  corresponding  reaction  potential 
is  lower.  At  lower  monomer  concentration,  the  positive 
charge  cannot  be  consumed  by  pyyrole  immediately,  thus 
some  charge  will  be  accumulated  at  the  working  electrode, 
resulting  in  a  higher  reaction  potential. 
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Fig.  12.  Potential-time  curves  for  the  formation  of  polypyrrole  coatings 
on  steel  at  different  electrolyte  concentrations  (i  =  2.25  mA/cm2,  [OA]  = 
0.1  M). 


[OA] 

Fig.  13.  Variation  of  electropolymerization  potentials  with  initial  electrolyte 
concentrations  (t  =  2.25  mA/cm2,  [OA]  =0.1  M). 


The  effect  of  electrolyte  concentration  was  investigated 
with  0.5  M  pyrrole  concentration  and  2.25  mA/cm2  applied 
current  density.  Electrochemical  reactions  were  carried  out 
at  four  different  electrolyte  concentrations:  0.05, 0.1, 0.2  and 
0.4  M.  The  results  are  shown  in  Figs.  12  and  13.  It  can  be 
seen  that  the  induction  time  was  not  significantly  affected  by 
the  electrolyte  concentration.  However,  the  electropolymer¬ 
ization  potential  decreased  gradually  with  increasing  electro¬ 
lyte  concentration.  This  phenomenon  is  expected  since  the 
increasing  electrolyte  concentration  can  reduce  the  overall 
resistance  of  the  system. 


33.  Composition  and  properties  of  the  coatings 

The  composition  of  the  coatings  formed  in  different  reac¬ 
tion  media  was  first  investigated  by  IR.  Fig.  14  shows  the 
IR  spectra  of  the  polypyrrole  coatings  formed  in  media  of 
different  pH.  IR  spectra  of  the  coatings  formed  in  different 
media  are  very  similar  and  they  show  the  characteristic  peaks 
associated  with  pyrrole  units  and  oxalate  counterions 
[9,10,20-22] .  The  peaks  occurring  around  3433-3446  cm"1 
correspond  to  the  N-H  stretch  of  the  pyrrole  ring  and  O-H 
stretch  from  the  counterions.  The  peaks  around  1699-1697 
and  1653-1643  cm-1  are  due  to  the  C=0  stretch  from  the 
counterions.  The  peaks  located  at  1558  and  1541  cm  3  come 
from  the  pyrrole  ring  C=C  stretch  and  the  peaks  around 
1466-1457  and  1417-1398  cm" 1  are  caused  by  pyrrole  ring 
stretch.  The  peaks  around  1244-1186  cm-1  may  be  due  to 
C-0  stretch.  The  peaks  around  1033-1026  cm" 1  correspond 
to  C-H  in-plane  deformation  of  the  pyrrole  units.  The  peaks 
around  922-908  and  789-762  cm” 1  are  due  to  the  C-H  out- 
of-plane  deformation  of  the  pyrrole  units.  The  peaks  around 
729-721  cm"1  may  come  from  0-C=0  in-plane  deforma¬ 
tion  from  the  counterions.  Thus,  the  IR  results  confirm  the 
formation  of  polypyrrole  and  the  presence  of  counterions  in 
the  coatings. 

Three  samples  prepared  in  oxalic  acid  (pH  =  1.4) ,  sodium 
hydrogen  oxalate  (pH  =  2.4)  and  sodium  oxalate  media 
(pH  =  8.4),  respectively,  were  analyzed  by  elemental  anal¬ 
ysis.  The  results  are  shown  in  Tables  1-3.  Elemental  analysis 
shows  the  presence  of  oxygen  in  the  coatings,  which  indicates 
that  electrolyte  was  incorporated  into  polypyrrole.  Using 
HC204"  as  the  counter  ions  for  the  oxalic  acid  system  and 
sodium  hydrogen  oxalate  system,  and  C2042"  as  the  counter 
ions  for  the  sodium  oxalate  system,  the  degree  of  insertion  of 
the  counter  ions  was  calculated  to  be  0.23  for  the  first  two 
systems  and  0.3 1  for  the  third  system,  respectively.  When  the 
reaction  medium  was  alkaline,  the  degree  of  insertion  of  the 
counter  ions  was  slightly  higher;  this  may  be  due  to  the 
overoxidation  of  polypyrrole  in  alkaline  medium. 

The  properties  of  coatings  obtained  at  different  pH  were 
very  different.  Coherent,  tough  and  strongly  adherent  coat¬ 
ings  could  be  obtained  in  media  of  low  pH.  The  quality  of 
the  coatings  was  so  excellent  that  no  crack  or  detachment  of 
the  coatings  was  observed  even  after  many  times  of  bending. 
However,  when  the  pH  was  increased  to  around  6,  no  coatings 
were  formed  at  low  applied  current  density  (below  1.13  mA/ 
cm2) .  At  higher  applied  current  density,  the  coatings  formed 
were  brittle,  non-uniform  and  poorly  adherent  to  the  sub¬ 
strate.  In  alkaline  medium,  the  coatings  obtained  were  all 
very  brittle  and  could  be  easily  peeled  off  from  the  .substrate. 
It  has  been  found  that  alkaline  medium  is  not  advantageous 
for  the  formation  of  good  quality  films  of  polypyrrole  on 
platinum  [14]. 

Applied  current  density  has  also  great  effect  on  the  prop¬ 
erties  of  the  coatings.  Coherent,  tough  and  strongly  adherent 
coatings  were  obtained  at  low  current  density,  while  the  coat¬ 
ings  became  brittle  and  could  be  easily  peeled  off  from  the 
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Fig.  14.  IR  spectra  of  the  poly  pyrrole  coatings  formed  at  different  pH. 


Table  1  Table  2 

Results  of  the  elemental  analysis  of  the  coating  formed  from  oxalic  acid  Results  of  the  elemental  analysis  of  the  coating  formed  from  sodium  hydro¬ 
electrolyte  (pH  =  1.4)  gen  oxalate  electrolyte  (pH  =  2.4) 


substrate  at  higher  current  density.  This  phenomenon  is  per-  coatings  was  very  thin,  the  shape  of  the  substrate  could  be 

haps  because  high  applied  current  density  induces  some  kind  seen.  One  exception  was  the  coating  formed  at  pH = 4. 1 ;  the 

of  side  reaction,  which  may  result  in  short  chain  length  or  surface  of  this  coating  was  very  fiat  and  no  microspheroidal 

lead  to  formation  of  defects  along  the  chain .  grains  were  observed.  This  may  be  due  to  the  relatively  short 

The  morphology  of  the  coatings  formed  at  low  and  high  electropolymerization  time  under  the  above  reaction  condi- 

current  density  was  also  investigated  by  SEM  and  is  shown  tion.  The  polypyrrole  coatings  formed  at  a  higher  current 

in  Figs.  15-17.  Overall,  the  coatings  formed  at  lower  current  density  (5.63mA/cm2)  show  rougher  surface  and  had  larger 

density  (0.56  mA /cm2)  for  30  min  were  very  smooth  with  microspheroidal  grain  size.  The  SEM  micrographs  also 

fine  microspheroidal  grains.  Because  the  thickness  of  the  showed  some  small  cracks  on  the  surface  of  these  samples. 
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Table  3 

Results  of  the  elemental  analysis  of  the  coating  formed  from  sodium  oxalate 
electrolyte  (pH  =  8.4) 


Element 

Content  (%) 

C 

55.76 

H 

4.22 

N 

15.82 

0 

22.64 

Fig.  15.  SEM  micrographs  for  the  steel  coated  with  polypyrroie  at  pH  «  1 .4: 
(a)  f  =  0.56  mA/cm2;  (b)  i«5.6 3  mA/ctti2. 


which  further  demonstrated  that  high-quality  coatings  were 
formed  at  lower  current  density. 


4.  Conclusions 

Polypyrrole  coatings  have  been  successfully  formed  on  low 
carbon  steel  from  aqueous  oxalate  solution  by  electrochem- 


Fig.  1 6.  SEM  micrographs  for  the  steel  coated  with  polypyrrole  at  pH  =  2.4: 
(a)  i  —  0.56  mA/cm2;  (b)  i  =  5.63  mA/cm2. 


ical  method.  Electrochemical  process  parameters  were  found 
to  have  great  effect  on  the  formation  process  and  the  prop¬ 
erties  of  the  coatings.  In  acidic  medium,  an  induction  period 
was  shown  before  the  electropolymerization  of  pyrrole  took 
place,  while  no  such  period  was  observed  in  alkaline  medium. 
In  acidic  medium,  the  shortest  induction  time  was  observed 
in  the  reaction  medium  of  pH  around  2.4.  The  induction  time 
also  decreased  dramatically  with  increasing  current  density. 
For  all  the  reaction  media,  the  electropolymerization  potential 
of  pyrrole  increased  with  increasing  applied  current  density 
and  a  linear  relationship  was  observed  in  acidic  medium  .  Our 
results  also  revealed  no  significant  dependence  of  induction 
time  on  the  initial  pyrrole  concentration  and' electrolyte  con¬ 
centration.  The  electropolymerization  potential,  however, 
decreased  with  increasing  pyrrole  and  electrolyte  concentra¬ 
tion,  respectively.  Coherent,  smooth,  tough  and  strongly 
adherent  coatings  were  obtained  in  reaction  media  of  low  pH 
at  low  applied  current  density.  High  current  density  and/or 
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Fig.  37.  SEM  micrographs  for  low  carbon  steel  coated  with  polypyrrole  at 
pH  — 4.1:  (a)  i  —  0.56  mA/cm2;  (b)  /  — 5.63  mA/cm2. 

reaction  media  of  high  pH  generally  led  to  brittle  and  poorly 
adherent  coatings. 
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Abstract 

Electropolymerization  of  pyrrole  on  steel  substrate  was  carried  out  in  aqueous  oxalate  solutions  in  the  presence  of 
amines..  Ti  iethylamine  and  ally  amine  were  the  amines  used  in  this  study.  The  electropolymerization  process  of 
pyrrole  in  acidic  medium  was  found  to  be  different  from  that  in  alkaline  medium.  In  acidic  medium,  the  reactions 
weie  characterized  by  an  induction  period  while  no  such  period  was  observed  in  alkaline  medium.  Our  results  show 
that  the  pH  of  the  reaction  medium  and  the  applied  current  density  had  a  great  influence  on  the  induction  time. 
Effects  of  triethylamine  and  allyamine  on  the  electropolymerization  process  of  pyrrole  were  very  similar.  The 
composition  of  the  coatings  was  studied  by  FT1R  and  elemental  analysis.  The  coatings  formed  in  different  medium 
had  a  similar  composition.  Smooth,  uniform,  strongly  adherent  coatings  could  be  formed  on  the  steel  substrate  by 
proper  choice  of  the  reaction  parameters.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Pyrrole;  Polymerization;  Steel;  Current  density;  PH  . 


1.  Introduction 

The  nature  of  the  working  electrode  is  a  critical  con¬ 
sideration  for  the  preparation  of  polypyrrole.  Since 
polypyrrole  films  are  produced  by  an  oxidative  process, 
it  is  important  that  the  electrode  does  not  oxidize  con¬ 
currently  with  the  monomer.  For  this  reason,  most 
free-standing  films  of  polypyrroie  have  been  prepared 
using  a  platinum  or  a  gold  electrode  [1-7],  However, 
recently  the  electropolymerization  of  pyrrole  on  oxidiz- 
able  steel  electrode  was  also  investigated  by  several 
groups  [8—1 3]. 

Cheung  and  Bloor  studied  the  electrochemical  pol¬ 
ymerization  of  pyrrole  on  different  metallic  electrodes 
in  propylene  carbonate  (PC)  and  letraethylammonium 
toluenesulphonate  (NEtjTos)  medium  [8].  Their  results 
indicated  that  continuous  polypyrro-le-foluenesulpho- 
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nate  (PPy-TS)  films  could  be  formed  on  mild  steel  (Fe) 
electrodes  in  the  above  medium.  The  films  obtained 
showed  a  fibrillar  surface  structure,  but  they  were  very 
brittle. 

The  electropolymerization  of  pyrrole  on '  iron  was 
also  investigated  in  different  organic  solvents  such  as 
acetonitrile  (ACN),  propylene  carbonate  (PC),  metha¬ 
nol  (MeOH),  tetrahydrofuran  (THF),  N,/V-dimethyl- 
formamide  (DMF)  and  dimethylsulfoxide  (DMSO)  in 
the  presence  of  0.1  M  tetrabutylammonium  hexafluor- 
ophosphate  (NBu4PF6)  or  tetraethylammonium  /7-tolu¬ 
ene  sulfonate  (NEt4Tos)  [9],  The  electropolymerization 
of  pyrrole  was  found  to  be  dependent  on  the  acidity  of 
the  medium.  If  the  solvent  was  too  acidic  (such  as 
ACN),  iron  dissolution  was  favoured,  preventing  poly- 
pyrrole  deposition.  Jf  the  solvent  was  too  basic  (DMF 
-or  DMSO),  it  -could  react  4/ith  the  radical  cation 
and  therefore  hinder  the  polymerization  of  pyrrole. 
However,  when  PC,  MeOH,  EtOH  or  THF  were  used 
as  the  solvent,  the  formation  of  polypyrrole  films  on 
the  electrodes  occurred. 
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Troch-Nagcls  reported  that  polypyrrole  could  be 
electrocoated  on  mild  steel  in  aqueous  Na2S04 
medium  [10].  However,  the  coatings  obtained  by  this 
method  were  brittle  and  had  poor  adhesion  to  steel. 

Beck  and  his  coworkers  also  investigated  the  galva- 
nostatic  electrodeposition  of  polypyrrole  on  iron  in 
aqueous  medium  [1 1-13].  They  found  that  polypyrrole 
films  could  not  be  deposited  on  iron  from  aqueous 
electrolytes  containing  anions  such  as  BF4,  C104, 
HSOJ,  SC>4~  Tos~,  HCOj,  H2P04~  HPOj-  and 
H2BO3.  However,  polypyrrole  layers  were  obtained  on 
iron  when  potassium  nitrate  and  oxalic  acid  were  used 
as  the  electrolyte.  When  potassium  nitrate  was  used  as 
-  the  electrolyte,  the  adhesion  of  the  coatings  to  the  sub¬ 
strate  was  not  very  good.  Smooth  and  strongly  adher¬ 
ent  polypyrrole  coatings  could  be  electrodeposited  on 
iron  from  aqueous  electrolyte  containing  oxalic 
acid  [12,13]. 

Trie  thyl  amine  (TEA)  and  ally  amine  are  well  known 
as  corrosion  inhibitors  for  iron  [14].  The  presence  of 
these  two  kind  of  amines  in  the  aqueous  oxalate  med¬ 
ium  may  influence  the  passivation  of  the  iron  and  elec¬ 
tropolymerization  of  pyrrole.  In  this  work,  we 
investigated  the  eleclropolymerization  of  pyrrole  on 
steel  in  aqueous  oxalate  medium  in  the  presence  of 
triethylamine  and  allyamine. 

2.  Experimental 

Pyrrole  and  oxalic  acid  were  purchased  from 
Aldrich  Chemicals.  Triethylamine  (TEA)  was  pur¬ 
chased  from  Fisher  Scientific  and  allyamine  was  pur¬ 
chased  from  Fluka  Chemika-BioChemika.  All  aqueous 
solutions  used  in  the  experiments  were  made  from 
deionized  water. 

Aqueous  electropolymerization  of  pyrrole  was  per¬ 
formed  in  a  one-compartment  polypropylene  cell.  The 
working  electrode  was  made  from  a  QD  low  carbon 
steel  panel  provided  by  Q-pane!  Company.  The  work-  ' 
ing  electrode  was  degreased  with  tetrachloroethylene 
for  about  an  hour  prior  to  the  electropolymerization. 
The  coated  surface  area  of  the  electrode  was  8.89  cm2. 
The  counter  electrodes  comprised  of  two  titanium 
alloy  plates.  A  saturated  calomel  electrode  (SCE)  man¬ 
ufactured  by  Corning  Company  was  used  as  the  refer¬ 
ence  electrode.  The  instrument  used  to 
electrochemically.  coat  the  low  carbon  .steel  was  an 
EG&G  Princeton  Applied  Research  Potentiostat/ 
Gaivanostat  Model  273 A.  The  working  electrode  and 
counter  electrodes  were  used  as  anode  and  cathode,  re¬ 
spectively. 

The  constant  current  method  was  the  technique  used 
in  this  experiment.  The  current  density  (/)  was  varied 
from  0.5~to  4  mA/cm2  The  pH  of  the  solution  con¬ 
taining  pyrrole  and  oxalic  acid  was  adjusted  by  triethy¬ 


lamine  (TEA)  and  allyamine.  In  this  study,  the  pH  of 
the  reaction  medium  was  varied  between  1  and  10.  The 
initial  monomer  and  electrolyte  concentrations  were 
kept  constant  at  0.25  and  0.1  M,  respectively,  and  the 
electropolymerization  time  was  fixed  at  1800  s.  After 
each  experiment,  the  coated  steel  sheet  was  rinsed  with 
deionized  water  and  methanol  and  dried  in  an  oven  at 
65°C  to  constant  weight.  Elemental  analysis  of  the 
polypyrrole  coatings  scraped  from  the  steel  substrates 
was  done  by  Galbraith  Laboratories.  The  IR  spectra 
of  the  coatings  were  measured  by  a  Bio-rad  FTS-40 
FIIR  spectrometer. 


3.  Results  and  discussion 

3.1.  Eleclropolymerization  of  pyrrole  on  steel  in  the 
presence  of  amine 

The  electropolymerization  of  pyrrole  on  steel  sub¬ 
strates  was  first  investigated  in  the  presence  of  triethy¬ 
lamine  (TEA).  Figures  1-5  show  the  potential-time 
curves  for  the  electropolymerization  of  pyrrole  on  steel 
in  different  pH  medium.  It  can  be  seen  that  the  poten¬ 
tial-time  curves  obtained  in  acid  medium  were  differ¬ 
ent  from  those  obtained  in  basic  medium.  In  acidic 
medium,  the  electropolymerization  of  pyrrole  was 
characterized  by  two  distinct  stages.  In  the  first  stage, 
the  reaction  potential  was  negative.  Because  the  elec¬ 
tropolymerization  of  pyrrole  was  an  oxidative  process, 
the  electropolymerization  couldn’t  take  place  at  such 
a  low  potential.  However,  the  reaction  potential  rose 
sharply  to  a  positive  maximum  value  at  the  end  of 
the  first  stage.  After  that,  the  potential  decreased 
quickly  and  eventually  reached  a  steady-state  value. 
Black  polypyrrole  coatings  began  to  form  on  the  sub¬ 
strate  during  the  second  stage.  Therefore  the  first 
stage  of  the  reaction  can  be  regarded  as  the  induction 
period  of  the  elctropolymerization  of  pyrrole. 

As  shown  in  Figs.  1-4,  the  induction  period  was 
greatly  influenced  by  the  pH  of  the  reaction  medium. 
For  the  same  applied  current  density,  the  induction 
time  was  shortest  in  the  medium  with  a  pH  of  .2.8 
while  it  was  longest  in  the  medium  with  a  pH  of  6.0. 
Overall,  the  induction  time  was  varied  according  to 
following  sequence: 

*pH^6.0  >  ?pH=4.4  >  TpH =M  >  TpH^.S  (1) 

Fig.  6  shows  the  change  in  induction  time  with  current 
density  for  each  acidic  medium.  Since  the  passivation 
of  steel  was  not  observed  hi  the  medium  of  pH  6.0  at 
current  densities  below  1J3  mA/cm2,  only  the  induc¬ 
tion  time  observed  at  a  higher  applied  current  density 
was  shown  in  Fig.  6.  It  can  be  seen- that  the  difference 
in  induction  time  was  very  large  at  low  current  density. 
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F‘f  '•  Potentml“tlme  curves  for  electropolymerization  of  pyrrole  on  steel  in  the  presence  of  TEA  at  different  current  density 
pH  —  1.4. 


but  the  induction  time  tended  to  become  close  to  each 
other  at  higher  current  density.  For  example,  at  the 
current  density  of  0.56  mA/cirr,  the  induction  time  in 
the  medium  of  pH  2.8  was  about  363  s  while  the  in¬ 


duction  time  in  the  medium  of  pH  4.4  was  about 
1257  s.  When  the  applied  current  density  was 
increased  to  3.38  mA/cnr,  the  induction  time  became 
very  close  for  the  reaction  medium  with  a  pH  below 


Time(ks) 

Fig.  Z  Potential-lime  curves  for  electropolymerization  of  pyrrole  on  steel  in  the  presence  of  TEA  at  different  current  density. 
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Fig.  3.  Potential-time  curves  for  electropolymerization  of  pyrrole  on  steel  in  the  presence  of  TEA  at  different  current  density, 
pH  =  4.4. 

4,1.  The  induction  time  of  the  medium  of  pH  6.0  As  shown  in  Fig. .  6,  the  induction  time  (t)  also 

was  still  much  longer  than  those  of  the  lower  pH  decreased  dramatically  with  increasing  current  den- 
mediums.  sity.  For  example,  when  the  pH  of  the  reaction 


Time  {ks) 


Fig.  4.  Potential- lime  curves  for  electropolymerization  of  pyrrole  on  steel  in  the. presence  of  TEA  at  different  current  density, 
pH  —  6.0.  . 
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Pig.  5.  Potential -time  curves  for  eJectropolymerizalion  of  pyrrole  on  steel  in  the  presence  of  TEA  at  different  current  density 
pH  =  9.5. 


medium  was  about  4,4,  the  induction  time  was 
about  1257  s  at  current  density  of  0.56  mA/cm2, 
however,  the  induction  time  became  only  about  73  s 
at  3.38  mA/cm2.  Fig.  7  shows  the  relationship 


between  ln(induction  time)  and  ln(current  density) 
for  the  acidic  medium.  For  each  reaction  medium,  a 
linear  relationship  is  obtained,  which  obeys  the  fol¬ 
lowing  equations: 


Current  Density{mA/cm2) 

Fig.  6.  Relationship  between  induction  lime  and  current  density  at  different  pH  in  the  presence  of  TEA. 
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Fig.  7.  Dependence  of  induction  time  on  current  density  at  different  pH  in  the  presence  of  TEA. 


pH  =  1.4:  In  r  =  5.72  — 

1.24  In/ 

(2) 

pH  =  2.8:  In  t  =  5.15- 

1.26  In/ 

(3) 

pH  =  4.1:  In  t  =  6.28  — 

1.56  In/ 

(4) 

pH  =  6.0:  In  t  =  7.69  —  0.90  In  /  (5) 

Fig.  8  shows  the  variation  of  the  charge  consumed 
during  the  induction  period  with  the  applied  current 
density  for  all  the  acidic  medium.  Compared  with 
the  induction  time,  the  passivation  charge  shows  a 


T>25  1  1.5  2  -2.5  3  3.5 

"Current  Density(mA/cnf"} 


Fig.  8.  Relationship  between  passivation 


charge  and  current  density  at  different  pH  in  the  presence  of  TEA. 
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little  difference  in  behaviour.  For  the  reaction  med¬ 
ium  of  pH  1.4  and  2.8,  the  passivation  charge  only 
decreased  slightly  with  increasing  current  density. 
For  example,  the  passivation  charge  was  335  mC/ 
cm2  at  0.56  mA/cm2  for  the  medium  of  pH  1.4  and 
it  was  226  mC/cm2  at  3.38  mA/cm2.  For  the  reac¬ 
tion  medium  of  pH  4.4,  the  passivation  charge 
decreased  gradually  with  increasing  current  density. 
However,  for  the  reaction  medium  of  pH  6.0,  its 
-passivation  charge  didn’t  change  much  between  the 
two  current  densities. 

Beck  suggested  that  the  passivation  of  the  iron  was 
due  to  the  formation  of  the  iron  (H)  oxalate  interlayer 
when  oxalic  acid  was  as  the  electrolyte  [12,13).  But  it 
seems  that  the  formation  time  of  the  iron  oxalate  inter¬ 
layer  is  dramatically  dependent  on  the  applied  current 
demsity  and  pH  of  the  reaction  medium.  The  detailed 
mechanism  of  the  passivation  of  steel  is  now  being  stu¬ 
died  in  our  laboratory. 

When  the  passivation  of  steel  was  established,  the 
electropolymerization  of  pyrrole  began  to  occur  on  the 
steel  substrate.  The  first  positive  potential  peak  is  per¬ 
haps  related  to  the  nucleation  of  polypyrrole  on  the 
steel  electrode  [14, 15).  It  has  been  reported  that  the 
nucleation  and  three-dimensional  growth  is  the  mech¬ 
anism  for  the  deposition  of  poly  pyrrole  on  Pt  and  pyr¬ 
role  oxidizes  more  readily  on  polypyrrole  than  on 
Pt  [14].  After  the  peak,  the  electropolymerization  po¬ 
tential  tended  to  become  very  steady  during  the  rest  of 
the  reaction.  Fig.  9  shows  the  relationship  between  the 


steady-state  electropolymerization  potential  and  the 
applied  current  density  for  the  acidic  medium.  As 
shown  in  Fig.  9,  the  electropolymerization  potential 
increased  linearly  with  the  applied  current  density  and 
can  be  expressed  by  the  following  relationships: 


pH  —  1.4:  Ep  =  0.63  4-  0.03/ 

(6) 

pH  —  2.8:  Ep  =  0.57  +  0.26/ 

(7) 

pH  —  4.1:  Ep  ~  0.59  +  0.24/ 

(8) 

pH  =  6.0:  Ep  ==  1.08  —  0.01/ 

(9) 

The  variation  of  the  electropolymerization  with  current 
density  may  have  something  to  do  with  the  deficiency 
of  electrons  on  the  surface  of  the  electrode.  More  elec¬ 
trons  were  removed  from  the  electrode  when  the 
applied  current  density  was  increased.  Due  to  the  slow 
reaction  of  the  monomer,  the  electron  deficiency  could 
not  be  compensated  immediately  by  the  reaction,  thus 
the  deficiency  of  electrons  would  result  in  a  positive 
potential  change.  It  can  also  be  seen  from  Fig.  9  that 
the  electropolymerization  potential  also  changed  with 
pH  for  the  same  applied  current  density.  The  medium 
of  pH  1.4  led  to  the  lowest  electropolymerization  po¬ 
tential.  The  electropolymerization  potential  was  very 
similar  between  the  medium  of  pH  2.8  and  4.4.  The  elec¬ 
tropolymerization  potential  for  the  medium  of  pH  6.0 
almost  maintained  a  constant  value  and  the  correspond - 


Fig.  9.  Relationship  between  electropolymerization  potential  and  current  density  at  different  pH  in  the  presence  of  TEA. 
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Fig.  10.  Potential-time  curves  for  electropolymerization  of  pyrrole  on  steel  at  different  current  density  in  the  presence  of  allyamine, 
pH  -  2.4. 

ing  electropolymerization  potential  was  intermediate  Maybe  the  voltage  drop  through  the  interlayer  is  differ- 

between  those  of  pH  =  1.4  and  pH  -  2.8.  ent  for  different  acidic  medium. 

Asavapiriyanont  et  al.  have  reported  that  the  electropo-  The  formation  process  of  polypyrrole  in'- alkaline 

lymerization  of  pyrrole  is  independent  of  pH  [14].  medium  was  quite  different  from  that  in  acidic  med- 
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Fig.  11,  Potential-time  curves  for  elect  rbpolymerization  of  pyrrole  on  steel  at  .different  current  density  in  the  presence  of  ally  amine, 
pH  »  5,8. 
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Hg.  12.  Potential -time  curves  for  electropoiymerization  of  pyrrole  on  steel  at  din'erent  current  density  in  the  presence  of  allyamine 
pH  -  8.0. 


turn.  U  can  be  seen  from  Fig.  5  that  no  induction 
period  was  observed '  when  the  pH  of  the  reaction 
medium  was  9.5.  These  results  are  not  unusual. 
According  to  a  Pourbaix  diagram,  the  application  of 
an  anodic  potential  to  an  iron  sheet  immersed  in  alka¬ 
line  medium,  will  bring  about  the  passivation  of  the 
iron  [16].  However,  in  alkaline  medium,  the  electropo¬ 
iymerization  potentials  of  pyrrole  were  not  steady  for 
all  the  applied  current  densities.  For  the  same  applied 
current  density,  the  electropoiymerization  potential  of 
pyrrole  in  alkaline  medium  was  much  higher  than  that 
in  acidic  medium.  Perhaps  the  oxide  interlayer  formed 
in  alkaline  medium  was  not  very  stable  and  had  a 
higher  resistance  than  the  interlayer  formed  in  acidic 
medium. 

The  electropoiymerization  process  of  pyrrole  on  steel 
was  also  investigated  with  another  corrosion  inhibitor 
of  steel,  i.e.  allyamine.  The  potential- time  curves  of 
the  electropoiymerization  reactions  of  pyrrole  are 
shown  -in  Figs  10-12.  The  potential-time  curves  are 
very  similar  for  the  same  electrochemical  parameters 
between  the  triethylamine  and  allyamine  systems.  This 
may  indicate  that  the  mechanism  of  the  passivation  of 
the  steel  was  the  same  for  these  -two  systems.  Because 
TEA  or  allyamine  could  react  with  the  hydrogen  ions 
in  the  solutions  to  form  ammoniumion,  neutral  TEA 
or  allyamine  molecules  actually  didn't  exist  in  the  sol¬ 
utions.  Perhaps  the  role  of  TEA  or  allyamine  was  only 
to  adjust  the  pH  of  the  reaction  medium. 


3.2.  Composition  and  properties  of  the  coatings 

The  composition  of  the  coatings  formed  in  different 
reaction  medium  was  first  investigated  by  elemental 
analysis.  The  results  of  the  elemental  analysis  are  listed 
in  Table  I.  For  all  three  samples,  oxygen  element  was 
found  present  in  the  coatings,  indicating  that  an  elec¬ 
trolyte  was  incorporated  into  polypyrrole  coatings. 


Table  1 

Results  of  elemental  analysis  of  PPy  coatings  formed  in  differ¬ 
ent  conditions 


Sample 

Elements 

Content  (%) 

pH  =  1.4 

C 

58.67 

H 

3.70 

N 

16185 

0 

17.47 

pH  =  9.5  (TEA) 

C 

55.71 

H 

3.80 

M 

15.82 

0 

-2L37 

pH  =  8,0  (allyamine) 

c 

56.72 

H 

3.85 

N 

15.91 

0 

20/68 
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The  degree  of  insertion  of  the  counterions  was  calcu¬ 
lated  from  the  mole  ratio  of  the  nitrogen  and  oxygen 
elements.  The  degree  of  insertion  of  the  counterions 
was  calculated  to  be  0.23  when  oxalic  acid  was  used  as 
the  electrolyte  (pH  =  1.4).  The  degree  of  insertion  was 
calculated  to  be  0.29  when  the  pH  of  the  TEA  reaction 
medium  was  9.5.  For  allyamine  system,  the  degree  of 
insertion  was  calculated  to  be  0.28  when  the  pH  of  the 
reaction  medium  was  8.0.  The  degree  of  insertion  for 
the  coatings  obtained  in  alkaline  medium  was  a  little 
bit  higher  than  that  in  acidic  medium.  This  is  perhaps 


due  to  the  overoxidation  of  polypyrroie  in  alkaline 
medium. 

Figures  13  and  14  show  the  I'R  spectra  of  the  poly- 
pyrrole  coatings  formed  in  different  pH  medium  for 
two  systems.  The  IR  spectra  of  the  coatings  formed  in 
different  medium  are  very  similar  and  they  show  the 
characteristic  peaks  associated  with  pyrrole  units  and 
oxalate  counterions  [8,9,17,18].  The  peaks  occurring 
around  3572-3392  cm”1,  correspond  to  the  N-H 
stretch  of  the  pyrrole  ring  and  maybe  O-H  stretch 
from  the  counterions.  The  peaks  around  1700-1684 
and  1660-1610  cm*"1  are  characteristic  of  a  0=0 
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stretch  from  the  counterions.  The  peaks  located  at 
1561-1.558  and  1545-1541  cm"*1  are  due  to  a  pyrrole 
ring  C=C  stretch  and  the  peaks  around  1460-1458  and 
1403-1399  crrT1  are  caused  by  pyrrole  ring  stretch. 
The  peaks  around  1244-1186  cm~*  are  maybe  due  to 
C-Ojstretch.  The  peaks  at  1033-1023  cm~,  -correspond 
to  C-H  in -plane  deformation  of  the  pyrrole  units. 
The  peaks  at  922—906  and  782-766  cm“!  are  due  to 
the  C-H  out-plane,  deformation  of  the  pyrrole  units. 
The  peaks  at  722-721  cirT1  may  come  From  O~C=0 
in-plane  deformation  from  the  counterions.  Thus  the 


1R  results  further  confirm  . the  formation  of  polypyrrole 
and  the  presence  of  counterions  in  the  coatings. 

The  properties -of  coatings  obtained  at  different  pH 
were  very  different.  Uniform  and  strongly  adherent 
coatings  could  be  obtained  at  low  pH  medium. 
However,  when  the  pH  was  increased  to  around  6, 
uo  coatings  were  formed  at  current  densities  below 
1.13  mA/cm2.  At  higher  applied  -current  density,  the 
coatings  obtained  were  brittle,  non-uniform  and  poorly 
adherent  to  the  substrates.  In  alkaline  medium,  the 
coatings  obtained  were  all  very  brittle  and  could  be 
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easily  peeled  off  from  the  substrates.  Applied  current 
density  also  had  great  effects  on  the  properties  of  the 
coatings.  Uniform  and  strongly  adherent  coatings  were 
obtained  at  low  current  density  while  the  coatings 
became  brittle  and  could  be  easily  peeled  off  from  the 
substrate  at  higher  current  density. 


4.  Conclusion 

Electropolymerization  of  pyrrole  on  steel  was  suc¬ 
cessfully  performed  in  aqueous  oxalate  solutions  in  the 
presence  of  triethylamine  and  allyamine.  These  two 
kinds  of  amines  were  found  to  have  similar  effects  on 
the  electropolymerization  process.  Our  results  reveal 
that  pH  of  the  reaction  medium  and  applied  current 
density  had  great  effects  on  the  electropolymerization 
process  and  the  properties  of  the  coatings.  In  acidic 
medium,  the  shortest  induction  time  was  observed  in 
the  reaction  medium  of  pH  around  2.8.  The  induction 
time  also  decreased  dramatically  with  increasing  cur¬ 
rent  density.  For  all  the  reaction  medium,  the  electro¬ 
polymerization  "potential  of  pyrrole  increased  with 
applied  current  density  and  a  iineat  relationship  was 
observed  for  each  acidic  medium.  Uniform,  smooth 
and  strongly  adherent  coatings  were  obtained  in  low 
pH  reaction  medium  at  low  applied  current  density. 
High  current  density  and  or  high  pH  of  the  reaction 
medium  generally  led  to  brittle  and  poorly  adherent 
coatings. 
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ABSTRACT:  Polypyrrole  coatings  have  been  successfully  formed  on  steel  from  aqueous 
oxalic  acid-pyrrole  solutions  by  electrochemical  polymerization.  Formation  of  the  coat¬ 
ings  was  found  to  be  dependent  on  the  pH  of  the  reaction  solution  and  the  applied 
current.  In  acidic  medium,  the  formation  of  polypyrrole  was  characterized  by  an 
induction  (passivation)  period  before  electropolymerization  of  pyrrole.  At  the  end  of  the 
induction  period,  a  crystalline  passive  interphase  was  formed.  The  morphology  and 
composition  of  the  electrodeposited  passive  interphase  and  the  resultant  polypyrrole 
coatings  were  investigated  by  scanning  electron  microscopy,  reflection-absorption  in¬ 
frared  spectroscopy,  and  X-ray  photoelectron  spectroscopy.  Our  results  reveal  that  the 
chemical  composition  of  the  passive  interphase  was  similar  to  that  of  iron(II)  oxalate 
dihydrate,  FeC204  *  2H20,  crystals.  Size  and  orientation  of  the  crystalline  passive 
interphase  varied  with  electrochemical  process  variables.  ©  1999  John  Wiley  &  Sons,  Inc. 
J  Appl  Polym  Sci  71:  2075-2086,  1999 

Key  words:  polypyrrole  coatings;  interphase;  low  carbon  steel;  electrochemical 
method 


INTRODUCTION 

Polypyrrole  is  one  of  the  important  conducting 
polymers.  Its  free-standing  films  with  high  con¬ 
ductivity  and  good  mechanical  properties  were 
first  obtained  by  the  electrochemical  method,1,2 
and  many  papers  have  been  published  concerning 
various  aspects  of  this  materials.3-6  For  the  prep¬ 
aration  of  polypyrrole,  the  nature  of  the  working 
electrode  is  a  critical  consideration.  Because  poly¬ 
pyrrole  films  are  produced  by  an  oxidative  pro¬ 
cess,  it  is  important  that  the  electrode  does  not 
oxidize  concurrently  with  the  monomer.  For  this 
reason,  most  free-standing  films  of  polypyrrole 
have  "been  prepared  using  a  platinum  or  a  gold 
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electrode.  But,  recent  interest  has  been  shown  in 
the  formation  of  adherent  polypyrrole  coatings  on 
oxidizable  metals,  such  as  iron  for  corrosion  pro¬ 
tection.7-11 

Cheung  and  colleagues7  studied  the  electro¬ 
chemical  polymerization  of  pyrrole  on  different 
metallic  electrodes  in  propylene  carbonate  and 
tetraethylammonium  p -toluene  sulfonate  medi¬ 
um.7  Their  results  indicated  that  continuous  poly¬ 
pyrrole  films  with  fibrillar  surface  could  be 
formed  on  mild  steel  electrodes  in  the  above  me- 
-dbjra^  hut-  the  films  obtained  were  very  brittle. 
The  electropolymerization  of  pyrrole  on  iron  was 
also  investigated  in  different  organic  solvents  in 
the  presence  of  tetrabutylammonium  hexafluoro- 
phosphate  and  tetraethylammonium  p -toluene 
sulfonate.8  The  electropolymerization  of  pyrrole 
was  found  to  be  dependent  on  the  acidity  of  the 
medium.  When  propylene  carbonate,  methanol. 
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and  tetrahydrofuran  were  used  as  the  solvent,  the 
formation  of  polypyrrole  films  on  the  electrodes 
occurred. 

Beck  and  his  coworkers9-11  also  investigated 
the  galvanostatic  electrodeposition  of  polypyrrole 
on  iron  in  aqueous  medium.  They  found  that  poly¬ 
pyrrole  films  could  not  be  deposited  on  iron  from 
most  aqueous  electrolytes.  However,  polypyrrole 
coatings  were  formed  on  iron  when  potassium 
nitrate  and  oxalic  acid,  respectively,  were  used  as 
the  electrolyte.  In  the  case  of  oxalic  acid,  they 
reported  that  smooth  and  strongly  adherent  coat¬ 
ings  were  obtained. 

Recently  our  group  have  systematically  inves¬ 
tigated  the  effect  of  electrochemical  parameters 
on  the  formation  process  of  polypyrrole  coatings 
on  steel  from  the  aqueous  oxalate  medium.12-14  It 
was  found  that  the  formation  of  polypyrrole  coat¬ 
ings  on  steel  was  dependent  on  the  electrochem¬ 
ical  parameters.  Our  preliminary  results  show 
that  electropolymerization  of  pyrrole  on  steel  in 
aqueous  oxalic  acid  solution  was  preceded  by  the 
formation  of  crystalline  passive  inorganic  inter¬ 
phase.  It  was  also  noticed  that  the  size,  orienta¬ 
tion,  and  deposition  rate  of  the  passive  interphase 
was  affected  by  the  electrochemical  process  vari¬ 
ables.  To  get  a  better  understanding  of  the  forma¬ 
tion  and  properties  of  polypyrrole  coatings  depos¬ 
ited  on  steel,  we  investigated  the  morphology  and 
composition  of  the  passive  interphase  and  the 
resultant  polypyrrole  coatings,  and  our  results 
are  reported  in  this  article. 


EXPERIMENTAL 

Materials 

All  chemicals  used  in  this  article  were  purchased 
from  Aldrich  Chemical  Company,  except  for  so¬ 
dium  bicarbonate  (NaHC03),  which  was  pur¬ 
chased  from  Fisher  Scientific  (Pittsburgh,  PA). 
All  aqueous  solutions  used  in  the  experiments 
were  made  from  deionized  water.  QD  low  carbon 
steel  panels  having  a  thickness  of  0.5  mm  were 
provided  by  the  Q-panel  Company  (Cleveland, 
OH).  For  the  purpose  of  characterization,  steel 
sheets  were  mechanically  polished  to  a  mirror 
finish.  The  polishing  sequence  began  with  wet 
polishing  on  320,  600-grit  silicon  carbide  papers 
to  grinding  the  surface.  Additionally,  the  steel 
panels  were  wet-polished  with  5.0  gm,  1.0  pm,  0.3 
pm  aluminum  oxide  abrasive  slurries.  Finally, 
the  substrates  were  rinsed  with  distilled  water 


and  acetone  and  degreased  with  tetrachloroethyl- 
ene  for  ~  1  h  before  electropolymerization  of  pyr¬ 
role. 

Electropolymerization 

Aqueous  electropolymerization  of  pyrrole  was 
performed  in  a  one-compartment  polypropylene 
cell.  QD  low  carbon  steel  sheets  was  used  as  the 
working  electrode.  Counter  electrodes  were 
comprised  of  two  titanium  alloy  plates.  A  satu¬ 
rated  calomel  electrode  (SCE)  manufactured  by 
Corning  Company  was  used  as  the  reference 
electrode.  The  instrument  used  to  electrochem- 
ically  coat  the  low  carbon  steel  was  an  EG&G 
Princeton  Applied  Research  Potentiostat/Gal- 
vanostat  Model  273A.  The  working  electrode 
and  the  counter  electrodes  were  used  as  anode 
and  cathode,  respectively. 

Constant  current  method  was  the  technique 
used  in  this  experiment.  Current  density  (i)  was 
varied  from  0.5  to  6  mA  cm-2.  The  pH  of  the 
solution  containing  pyrrole  and  oxalic  acid  was 
adjusted  by  using  sodium  bicarbonate  and  varied 
from  1.4  to  8.4.  The  initial  monomer  and  electro¬ 
lyte  concentrations  were  kept  constant  at  0.25M 
and  0.1M,  respectively.  After  each  experiment, 
the  coated  steel  sheet  was  rinsed  with  water  and 
methanol,  and  dried  in  an  oven  at  65°C  to  con¬ 
stant  weight. 

Characterization 

Morphology  of  the  samples  was  examined  by  a 
Hitachi  S-4000  scanning  electron  microscope 
(SEM).  Reflection-absorption  infrared  (IR)  spec¬ 
tra  (RAIR)  of  the  sample  were  measured  by  a 
Bio-Rad  FTS-40  FUR  spectrometer  (Bio-Rad, 
Richmond,  CA).  An  angular  specular  reflectance 
attachment  was  set  to  an  incident  angle  of  65°. 
Spectra  were  obtained  using  a  resolution  of  4 
cm-1  and  were  averaged  over  128  scans.  A  back¬ 
ground  spectrum  of  a  bare-polished  steel  sub¬ 
strate  was  subtracted  from  the  -acquired  spectra 
in  all  cases.  In  the  case  of  transmission  IR  spec¬ 
troscopy,  spectra  were  obtained  by  means  of  po¬ 
tassium  bromide  pellets.  A  Perkin— Elmer  Model 
5300  X-ray  pliotoelectron  spectrometer  (XPS), 
with  Mg  Ka  X-rays,  operating  at  300  W  and  15  kV 
DC,  was  used  to  obtain  XPS  spectra.  An  Apollo 
computer  system  with  Perkin-Elmer  software 
was  used  for  data  acquisition  and  processing. 
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Figure  1  Potential-time  curves  for  the  formation  of 
polypyrrole  coatings  on  steel  at  a  different  pH  ( i 
=  0.56  mA  cm~2). 


RESULTS  AND  DISCUSSION 

Features  of  the  Formation  of  Polypyrrole  Coatings 
on  Steel 

Figure  1  shows  the  potential-time  curves  for  the 
formation  of  polypyrrole  coatings  on  steel  at  an 
applied  current  density  of  0.56  mA  cm-2  at  dif¬ 
ferent  pH  of  the  reaction  medium.  It  can  be  seen 
that  the  formation  of  polypyrrole  coatings  is  de¬ 
pendent  on  the  pH  of  the  reaction  medium.  In 
acidic  medium,  the  formation  of  polypyrrole  was 
characterized  by  three  distinct  stages.  In  the  first 
stage  of  the  reaction,  the  dissolution  of  steel  oc¬ 
curred  at  a  negative  electrode  potential.  Dissolu¬ 
tion  of  steel  was  terminated  when  steel  was  com¬ 
pletely  covered  by  crystalline  passive  interphase. 
Formation  of  the  passive  interphase  is  marked  by 
a  sharp  rise  in  the  electrode  potential  to  a  high 
positive  value  of  ~  1.2  V  vs,  SCE.  Finally,  a 
steady-state  polymerization  potential  of  —  0.6— 
0.8  V  vs,  SCE  is  attained.  Dark-colored  polypyr- 
role  coatings  are  formed  on  the  passivated  steel  in 
the  final  stage.  The  time  it  takes  to  form  the 
passive  interphase  is  regarded  as  the  induction 
time  for  polymerization  of  pyrrole  or  the  passiva¬ 
tion  time. 

In  acidic  medium,  the  pH  of  the  reaction  me¬ 
dium  has  a  dramatic  effect  on  the  induction  time. 
For  the  same  applied  current  density,  induction 


time  was  shortest  at  pH  2.4  and  was  longest  at  pH 
6.0.  Overall,  the  induction  time  varied  with  the 
pH  according  to  following  sequence: 

TpH6.0  >  TpH4.1  >  TpH1.4  >  TpH2.4 

The  effect  of  pH  of  the  reaction  medium  on  the 
induction  time  can  be  understood  by  the  following 
example:  the  induction  time  was  determined  to  be 
—  350  s  for  the  reaction  performed  at  pH  2.4. 
However,  when  the  pH  of  the  reaction  medium 
was  increased  to  6.0,  the  induction  time  was  so 
long  that  passivation  was  not  established,  even 
after  a  30-min  reaction. 

Figure  2  shows  the  potential-time  curves  for 
the  formation  of  polypyrrole  coatings  on  steel  at  a 
different  applied  current  density  at  pH  1.4.  It  can 
be  seen  that  the  induction  time  decreased  dra¬ 
matically  with  increasing  current  density.  For  ex¬ 
ample,  the  induction  time  was  ~  600  s  at  the 
current  density  of  0.56  mA  cm-2;  however,  the 
induction  time  was  reduced  to  only  ~  70  s  at  a 
higher  applied  current  density  of  3.38  mA  cm-2. 

Formation  of  polypyrrole  coatings  in  basic  me¬ 
dium  showed  a  different  trend  from  that  in  acidic 
medium.  It  can  be  seen  from  Figure  1  that  no 
induction  time  was  observed  when  the  pH  of  the 
reaction  medium  was  basic  (pH  8.4).  These  re¬ 
sults  are  not  unusual.  According  to  a  Pourbaix 
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Figure  2  Potential-time  curves  for  the  formation  of 
polypyrrole  coatings  on  steel  at  a  different  current  den¬ 
sity  at  pH  1.4. 
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Figure  3  SEM  micrograph  of  the  interphase  formed  Figure  4  SEM  micrograph  of  the  interphase  formed 

at  0.56  mA  cm-2  in  the  medium  of  pH  1.4.  at  3.38  mA  cm  2  in  the  medium  of  pH  1.4. 


diagram,  the  application  of  an  anodic  potential  to 
a  iron  sheet  immersed  in  basic  medium  will  bring 
about  the  passivation  of  the  iron.15,16 

In  acidic  medium,  the  third  stage  is  associated 
with  the  polymerization  of  pyrrole  on  the  sub¬ 
strate.  The  drop  in  electrode  potential  from  ~  1.2 
V  vs.  SCE  to  0. 6-0.8  V  vs.  SCE  is  perhaps  related 
to  the  nucleation  and  growth  of  polypyrrole  on  the 
steel  electrode.17,18  It  has  been  reported  that  the 
nucleation  and  three-dimensional  growth  is  the 
mechanism  for  the  deposition  of  polypyrrole  on 
Pt,  and  pyrrole  oxidizes  more  readily  on  polypyr¬ 
role  than  that  on  Pt.17  The  electropolymerization 
of  pyrrole  occurred  at  the  steady-state.  In  basic 
medium,  however,  the  polymerization  potential 
first  decreased  with  time  then  tended  to  become 
steady,  and  the  reproducibility  of  the  potential¬ 
time  curves  was  poor.  For  the  same  applied  cur¬ 
rent  density,  the  polymerization  potential  of  pyr¬ 
role  in  basic  medium  was  much  higher  than  that 
in  acidic  medium.  This  may  be  due  to  the  fact  that 
the  composition  of  the  passive  interphases  is  dif¬ 
ferent  for  the  two  systems.  The  passive  inter¬ 
phase  formed  in  the  basic  medium  is  noncrystal¬ 
line  and  may  be  composed  of  iron  oxides  rather 
than  crystalline  iron  oxalates  formed  in  acidic 
medium. 

Morphology  and  Composition  of  the  Interphase 

Figures  3  and  4  show  the  SEM  micrographs  of  the 
interphase  formed  at  two  different  current  densi¬ 
ties  at  pH  1.4.  It  can  be  seen  that  the  interphase 
is  composed  of  many  small  crystals,  and  steel 


substrate  was  completely  covered  by  the  small 
crystals.  The  size  of  the  crystals  became  much 
smaller  at  higher  current  density.  Figure  5  shows 
the  SEM  micrograph  of  the  sample  prepared  at 
0.56  inA  cm-2  at  pH  6.0  in  30  min.  In  this  case, 
passivation  of  the  steel  substrate  was  not  estab¬ 
lished.  No  crystalline  phases  were  observed  on 
the  surface  of  steel;  however,  it  seems  that  there 
was  a  very  thin  film  on  the  surface  of  the  steel, 
which  may  be  due  to  the  formation  of  soluble  iron 
oxides. 

Figure  6  shows  the  RAIR  spectra  for  the  inter¬ 
phase  formed  at  the  end  of  the  induction  time  at 
different  pH.  Although  the  induction  time  varied 
significantly  with  the  pH  (see  Fig.  1),  there  were 
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Figure  5  SEM  micrograph  of  the  sample  formed  at 
0.56  mA  cm-2  in  the  medium  of  pH  6.0  for  30  min. 
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Figure  6  RAIR  spectra  of  the  interphase  formed  in  different  pH  media. 


no  significant  differences  in  the  IR  spectra  of  the  cm-1.  Figure  7  shows  the  ME  spectra  of  the 

interphase  formed  at  different  pH.  The  IR  spectra  interphase  formed  at  different  times  during  the 

show  characteristic  broad— OH  absorption  peaks  induction  period  for  the  medium  of  pH  1.4.  Note 

at  3294-3403  cm-1.  The  very  strong  and  broad  that  the  carbonyl  peak  and  the  C— 0  peaks  were 

absorption  duplex  peak  occurring  at  1617-1700  stronger  at  longer  reaction  times,  as  was  ex- 

cm  is  due  to  the  carbonyl  group  (C=0)  con-  pected.  Figure  8  shows  the  RAIR  spectra  of  the 

tained  in  the  oxalate  ion.  Additional  sharp  duplex  interphase  formed  at  different  current  densities 

peaks  due  to  the  C  0  group  occur  at  1314—1364  at  pH  1.4.  No  significant  difference  is  observed 
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between  the  spectra  of  the  interphase  obtained  at 
different  reaction  times  or  different  applied  cur¬ 
rent  densities. 

It  is  well  known  that  there  are  two  kinds  of 
iron  oxalate  compounds^  FeC204  -  2H20  and 
Fe2(C204)3  •  6H20.  Figure  9  compares  the  IR  spec¬ 
tra  of  these  two  model  compounds  with  the  inter¬ 
phase.  Among  them,  the  IR  spectra  of  the  two 
model  compounds  were  done  by  the  transmission 


mode.  The  two  iron  oxalate  model  compounds 
show  different  IR  spectra.  In  the  spectrum  of 
Te2(C204)3  •  6H20,  there  is  a  very  strong  C — O 
stretch  peak  ~  1264  cm-1  which  is  absent  in  the 
spectrum  of  FeC204  *  2H20.  The  O — H  stretch 
peak  of  Fe2(C204)3  •  6H20  occurs  ~  3558  cm-1, 
which  is  ~  200  cm-1  higher  than  that  of 
FeC204  •  2H20.  It  is  apparent  that  the  IR  spec¬ 
trum  of  the  interphase  is  very  similar  to  that  of 
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Figure  8  RAIR  spectra  of  the  interphase  formed  at  different  current  densities. 


FeC204  •  2H20.  The  main  absorption  bands  for 
the  interphase  are  assigned  as  follows:19"23  peaks 
at  3403-8294  cm*"1,  correspond  to  the  O — H 
■stretch.  Peaks  -  1700-1670  cm"1,  1658-1617 
cm"1,  and  1602-1575  cm"1  are  characteristic  of 
the  C=0  stretch.  Peaks  located  at  1364-1359 
cm”1  and  1321-1314  cm”1  are  due  to  C — O 
stretch.  Peaks  at  826—821  cm"1  come  from 
O — C=0  in-plane  deformation.  Peaks  at  747-729 
cm"1  are  perhaps  caused  by  O — C=0  in-plane 


deformation  and  Fe — O  stretch.  Peaks  at  554- 
540  cm"1  and  506-502  cm"1  are  due  to  C— C — O 
in-plane  deformation.  Although  the  IR  spectra  of 
the  interphase  formed  by  different  reaction  -pa¬ 
rameters  are  basically  the  same,  small  differences 
still  exist  for  some  peaks  due  to  polar  groups.  For 
example,  the  shape  of  the  peaks  due  to  O — H  and 
C=0  groups  vary  with  reaction  conditions.  Per¬ 
haps  these  peaks  are  influenced  by  the  size  and/or 
orientation  of  the  crystals* 
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Figure  9  Comparison  of  IR  spectra  of  the  interphase  and  model  compounds. 


XPS  technique  can  also  he  used  to  distinguish 
Fe(II)  from  Fe(III).  Figure  10  shows  the  Fe(2p) 
spectra  of  the  interphase  formed  in  different  pH 
medium.  Spectra  of  the  samples  formed  in  acidic 
medium  are  very  similar;  but,  they  are  different 
from  the  spectrum  of  the  sample  formed  in  basic 
medium.  The  position  of  the  shake-up  satellites  in 
the  valley  between  the  2p3/2  and  shows  a 

large  difference  between  the  interphase  formed  in 


acidic  medium  and  basic  medium.  For  the  inter¬ 
phase  formed  in  acidic  media  the  shake  up  satel¬ 
lites  are  on  the  lower  binding  energy  side  of  the 
valley,  which  is  characteristic  of  Fe(II).24  For  the 
interphase  formed  in  basic  medium,  the  satellite 
is  on  the  higher  energy  side  of  the  valley.  The 
anodic  passivation  of  iron  in  basic  medium  has 
been  extensively  investigated.16  It  is  generally 
believed  that  passivation  is  due  to  the  formation 
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Figure  10  XPS  Fe(2p)  spectra  of  the  interphase  formed  in  different  pH  media.  (A)  pH 
14.  (B)  pH  2.4.  (C)  pH  4.1.  (D)  pH  8.4. 


of  different  types  of  iron  oxides.  Because  pure  iron 
oxide  leads  to  composite  XPS  signals,25  it  is  gen¬ 
erally  difficult  to  distinguish,  the  type  of  oxides 
from  XPS. 

A  chemical  test  was  also  used  to  verify  the 
valence  state  of  the  iron  atom  in  the  interphase. 
No  color  change  was  observed  after  aqueous  am¬ 
monium  thiocyanate  (NH4SCN)  solution  was 
placed  on  the  surface  of  the  interphase.  This  ex¬ 
periment  indicates  that  the  interphase  was  not 
iron(III)  oxalate.  In  the  case  of  iron(III)  oxalate, 
the  color  of  the  solution  would  turn  red.26 

From  the  above  discussion,  it  has  been  shown 
that  the  passive  interphase  formed  on  steel  in 
aqueous  oxalic  acid  solution  is  crystalline  iron(II) 
oxalate,  FeC204  •  2H20.  This  interphase  com¬ 
pound  was  perhaps  produced  according  to  the 
following  two  reactions: 

Fe-2e-*Fe2+  (1) 

Fe2++C20r+2H20-^FeC204  *  2H20.  (2) 

The  anodic  dissolution  of  iron  first  produced Te2+ 
ions;  these  Fe2+  ions  then  reacted  with  the  ox¬ 
alate  electrolyte  to  form  the  insoluble  iron(II)  ox¬ 
alate  compound,  which  precipitated  on  the  steel 


substrate  in  the  form  of  small  crystals.  When  the 
substrate  was  completely  covered  by  the  small 
crystals,  passivation  of  the  steel  occurred. 

The  fact  that  higher  applied  current  density 
could  result  in  shorter  induction  time  can  be  eas¬ 
ily  understood  by  the  above  mechanism.  More 
Fe2+  ions  were  produced  in  unit  time  at  higher 


Figure  11  SEM  micrograph  of  the  polypyrrole  coat¬ 
ings  formed  at  0.56  mA  cm ~ 2  in  the  medium  of  pH  1.4 
for  20  min. 
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Figure  12  Comparison  of  IR  spectra  of  pyrrole,  interphase,  and  polypyrrole. 


applied  current  density,  with  concomitant  precip¬ 
itation  of  more  FeC204  *  2H2O  crystals  on  the 
substrate.  Thus,  the  substrate  could  be  covered  by 
the  crystals  in  a  shorter  time.  Variation  of  the 
induction  time  with  the  pH  of  the  reaction  me¬ 
dium  is  mot  well  understood  so  far.  Perhaps  the 
pH  of  the  reaction  medium  can  influence  the  sol¬ 
ubility  of  the  FeC204  •  2H20  compounds.  It  is 
reported  that  the  nearly  insoluble  FeC204  *  2H20 
can  be  changed  into  soluble  oxalato  complexes  in 


the  presence  of  excess  alkali  metal  oxalate.24  This 
perhaps  can  be  used  to  explain  the  variation  of 
the  interphase  with  pH. 


Morphology  and  Composition  of  Polypyrrole 
Coatings 

Figure  11  shows  the  SEM  micrograph  of  the  poly¬ 
pyrrole  coating  formed  at  0.56  mA  cm“2  at  pH  1.4 
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Figure  13  RAIR  spectra  of  pyrrole  coatings  formed  in  different  pH  media. 


in  20  min.  It  can  be  seen  that  the  interphase  was 
completely  covered  by  the  polypyrrole  coatings 
after  a  20-min  reaction,  and  the  polypyrrole  -coat¬ 
ing  obtained  had  a  smooth  surface  morphology. 

Figure  12  shows  the  IR  spectra  for  pyrrole,  the 
interphase,  and  the  polypyrrole  coatings  obtained 
at  pH  1.4.  IR  spectrum  of  pyrrole  was  obtained  by 
transmission  mode.  IR  results  also  show  that  the 
coatings  formed  during  the  induction  period  and 
polymerization  period  are  very  different.  One  fea¬ 


ture  of  Figure  12  is  that  N — H  or  O — H  stretch 
peaks  are  absent  in  the  spectrum  of  polypyrrole. 
This  phenomenon  was  also  reported  by  Beck  and 
Michaelis.10  The  detailed  mechanism  is  not  clear 
so  far.  Another  feature  of  Figure  12  is  that  the 
strong  C — H  peak  at  735  cm-1  in  the  pyrrole 
spectrum  disappears  in  the  spectrum  of  polypyr¬ 
role,  which  is  due  to  oxidative  coupling  of  pyrrole 
at  the  2,5-position. 

Figure  13  shows  the  RAIR  spectra  of  polypyr- 
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role  coatings  formed  in  different  pH  medium.  The 
coatings  prepared  in  different  pH  medium  show 
very  similar  spectra.  The  main  absorption  peaks 
can  be  assigned  as  follows:19,27"30  duplex  peaks  at 
1722-1707  cm"1  and  1673-1652  cm-1  correspond 
to  the  C=0  stretch  from  the  oxalate  counterion. 
These  duplex  peaks  may  be  due  to  both  the  car¬ 
bonyl  groups  contained  in  the  interphase  and 
those  incorporated  into  the  film  during  doping. 
The  peaks  at  1591-1541  cm"1  come  from  the  pyr¬ 
role  ring  C=C  stretch.  The  duplet  peaks  at  1367- 
1361  cm-1  and  1310-1301  cm"1  were  identified 
earlier  as  due  to  the  C — O  group.  They  have, 
however,  become  highly  broadened.  We  believe 
that  the  broadening  of  these  peaks  is  due  to  the 
fact  that  these  peaks  exist  both  in  the  interphase 
and  in  the  oxalate  ion-doped  polypyrrole  films. 
Peaks  located  at  1099-1096  cm"1  and  1037-1032 
cm"1  are  due  to  the  C — H  in-plane  deformation  of 
pyrrole  units.  Peaks  at  925—903  cm"1  and  783— 
777  cm"1  are  caused  by  C — H  out-of-plane  defor¬ 
mation  of  pyrrole  units.  Results  of  elemental 
analysis  also  confirm  the  incorporation  of  oxalate 
ions  into  polypyrrole  films.12,14 

CONCLUSIONS 

Electrochemical  polymerization  of  pyrrole  coat¬ 
ings  on  steel  occurred  both  in  acidic  and  basic 
media.  In  acidic  medium,  a  crystalline  passive 
iron(II)  oxalate  was  formed  and,  as  a  result,  the 
electrode  potential  rose  to  a  positive  value  of 
~  1.2  V  vs.  SCE.  Consequently,  electrochemical 
polymerization  of  pyrrole  occurred  on  the  passi¬ 
vated  substrate.  The  passivation  time  was  found 
to  be  dependent  on  the  pH  of  the  reaction  medium 
and  the  applied  current  density.  At  a  high  pH 
medium,  passivation  was  instantaneous,  and  the 
passive  coatings  were  noncrystalline.  Electropoly¬ 
merization  of  pyrrole  in  the  acidic  medium  can 
only  occur  after  steel  is  completely  covered  by  the 
crystalline  passive  interphase.  Size  and  orienta¬ 
tion  of  the  crystalline  passive  interphase  varied 
with  applied  current. 

The  authors  thank  the  Office  of  Naval  Research,  ONR’s 
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Abstract — Polypyrrole  coatings  with  varying  surface  morphology  have  been  formed  on  a  stainless  steel 
working  electrode  using  benzene  sulfonic  acid  sodium  salt  as  the  electrolyte.  The  morphology  of  the  coatings 
varied  with  the  current  density.  The  amount  of  polypyrrole  formed  during  electropolymerization  increased 
with  current  density  and  monomer  concentration,  but  was  unaffected  by  increased  electrolyte  concentration. 
The  electropolymerization  potential  of  pyrrole  increased  with  increased  current  density  but  the  current 
efficiency  remained  relatively  unchanged  at  99-105%.  The  rate  of  electropolymerization  of  pyrrole  onto 
stainless  steel  increased  slightly  with  increased  monomer  concentration.  The  electropolymerization  potential 
decreased  with  increased  monomer  and  electrolyte  concentration.  ©  1997  Elsevier  Science  Ltd 

Key  words:  Eiectropolymerization,  polypyrrole,  benzene  sulfonate,  coatings  current  density,  morphology. 


INTRODUCTION 

The  hexavalent  zinc  chromate  process  for  coating 
steel  is  hazardous  and  environmentally  unsafe  and 
the  resulting  protective  coatings  cannot  be  extended 
over  the  entire  substrate  [I],  This  drawback  can  be 
overcome  by  forming  oxidation-resistant  polymeric 
coatings  onto  the  substrate  by  an  environmentally 
compatible  aqueous  eiectropolymerization.  Electro¬ 
chemical  polymerization  can  play  an  important  role 
in  many  technologies,  especially  in  surface  modifi¬ 
cation  and  materials  processing.  It  is  becoming 
increasingly  attractive  for  preparing  a  range  of  new 
materials  and  novel  microstructures  [1].  This  tech¬ 
nique  has  been  used  for  a  variety  of  purposes  ranging 
from  the  formation  of  polymers  in  solution  [2, 3}  to 
modification  of  graphite  fibers  (4-7]  and  formation  of 
in  situ  matrix  composites  [8-1 1].  It  is  presently  being 
proposed  as  a  technique  for  forming  new  materials 
and  novel  microstructures  [1].  The  formation  of 
insulating  and  highly  crosslinked  polymer  coatings 
on  steel  by  partial  eiectropolymerization  followed  by 
annealing  has  been  demonstrated  [12].  Mengoli  et  al. 
113]  reported  the  eiectropolymerization  of  0-allyl 
phenol  and  allyl  amine  on  steel.  Their  coatings 
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showed  very  good  corrosion  resistance;  One  of  the 
approaches  to  protecting  steel  against  oxidation  and 
corrosion  is  the  application  of  polymeric  coatings 
that  are  capable  of  inhibiting  oxidation.  Polymer 
coatings  derived  from  allyl  aromatic  amines  were 
shown  to  be  very  effective  inhibitors  for  oxidation  of 
iron  [14].  Highly  stable  and  corrosion  resistant 
aniline-sulfur  copolymer  coatings  have  been  formed 
on  steel  by  electrocopolymerization  of  aniline  and 
ammonium  sulfide  [15].  Both  insulating  and  conduc¬ 
tive  polymer  coatings  have  been  electropolymerized 
onto  a  variety  of  substrates  [16-20]  with  excellent 
throwing  power  (uniform  coating  of  irregular  and 
complex  shapes).  Berlouis  and  Schiffrin  [21]  showed 
that  aqueous  eiectropolymerization  of  pyrrole  re¬ 
sulted  in  self-limiting  polypyrrole  -film  growth  on 
steel.  They  noticed  that  sharp  passivation  of 
polymerization  of  pyrrole  occured  at  about  0.09  V 
vs  SCE.  They  suggested  that  the  self  limiting 
polypyrrole  film  growth  was  due  to  the  breakdown  of 
conjugation  {21  j.  It  was  further  reported  that  the 
occurrence  of  passivation  (increasing  film  resistance 
and  electrical  insulation)  during  eiectropolymeriza¬ 
tion  of  pyrrole  and  the  concomitant  reduction  in  the 
thickness  of  the  polypyrrole  film  can  be  controlled 
by  varying  the  pH  of  the  reaction  medium  [21], 
The  formation  of  insulative  polypyrrole  coatings 
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may  offer  another  route  to  corrosion/oxidation 
prevention. 

The  kinetics  and  mechanism  of  electropolymeriza¬ 
tion  of  pyrrole  has  been  investigated  by  various 
workers  [22-26].  Saveant  et  ciL  investigated  the 
mechanism  of  electropolymerization  of  pyrrole  on 
platinum.  They  used  double  potential  step  chronoam- 
perometry  to  study  the  early  steps  in  electrochemical 
polymerization  of  substituted  pyrrole.  It  was  shown 
that  radical  cations  coupling  rather  than  neutral 
radicals  coupling  occurred  during  the  electropoly¬ 
merization  of  pyrrole.  The  dependence  of  the  rate  of 
potentiostatic  polymerization  of  pyrrole  on  the 
reaction  variables  such  as  initial  pyrrole  concen¬ 
tration  and  electrolyte  concentration  was  determined 
by  Otero  and  co workers  [23,  24].  The  dependence  of 
the  rate  of  formation  of  polypyrrole  (on  platinum 
electrode)  on  perchlorate  (electrolyte)  concentration 
and  pyrrole  concentration  was  found  to  be  0.5, 
respectively,  in  acetonitrile.  However,  the  order  of  the 
reaction  with  respect  to  perchlorate  increased  to  0.8 
in  water.  Iroh  and  Wood  also  studied  the  efficiency 
and  kinetics  of  aqueous  potentiostatic  electropoly¬ 
merization  of  pyrrole  on  carbon  fibers  [25,  26].  It  was 
shown  that  the  rate  of  electropolymerization  of 
pyrrole  increased  with  pyrrole  concentration,  toluene 
sulfonate  concentration  and  applied  voltage  raised  to 
a  power  of  0,8-1. 0,  0.8  and  0.9-1 .2,  respectively  [25], 
ie  Rp  oc  [Mf! Lti[S03Ph]()f 8[EPaf9  ,2.  They  showed 
that  the  efficiency  of  potentiostatic  polymerization  of 
pyrrole  increased  with  pyrrole  concentration  and 
decreased  with  applied  voltage  [26]. 

In  this  paper  we  report  our  findings  on  the 
formation  of  polypyrrole  coatings  onto  stainless  steel 
by  electrochemical  polymerization.  The  kinetics  of 
electropolymerization  of  pyrrole  on  stainless  steel 
and  the  effect  of  reaction  variables  on  electropoly¬ 
merization  potential  is  also  reported.  In  a  future 
paper,  we  will  discuss  the  corrosion  performance  of 
stainless  steel  coated  with  polypyrrole.  The  latter  will 
be  compared  with  the  corrosion  performance  of 
polypyrrole-coated  low.  carbon  steel. 

EXPERIMENTAL 

Pyrrole  (98%)  and  benzene  sulfonic  acid  sodium 
salt  purchased  from  Aldrich  Chemical  Company, 
Inc.  Tetrachloroethylene  and  methanol  were  also 
purchased  from  Aldrich  Chemical  Company.  The 
reagents  were  dissolved  in  deionized  water  prepared 
in  our  department. 

The  working  electrode  is  an  0.46  mm  thick  304 
stainless  steel  panel  (2B  finish)  purchased  from 
Copper  Brass  Sales  Inc.  The  working  electrode  was 
degreased  with  tetrachloroethylene  for  ccl  60  min 
prior  to  electrochemical  polymerization.  The  coun¬ 
terelectrodes  comprised  of  two  titanium  alloy  plates. 
Saturated  Calomel  electrode  (SCE),  manufactured  by 
Corning  Company,  was  used  as  reference  electrode. 
Galvanostat  electropolymerization  of  pyrrole  was 


performed  by  an  EG&G  Princeton  Applied  Research 
Potentiostat/Galvanostat  Model  273A. 

Eiectropolymerization  of  pyrrole  was  carried  out  in 
a  one-compartment  polypropylene  cell.  The  current 
densities  used  in  this  study  ranged  from  1.13  to 
7.88  m A  cm  “2.  The  electrolyte  concentration  was 
varied  from  0.05  to  0.4  M,  while  pyrrole  concen¬ 
tration  was  varied  from  0.1  to  0.8  M.  Electro¬ 
polymerization  time  was  varied  between  300  and 
1800  s. 

The  coated  substrate  was  rinsed  with  methanol  and 
dried  at  65°C  in  a  vacuum  oven  to  constant  weight. 
The  weight  of  the  coatings  was  determined  as  the 
difference  between  the  coated  and  noncoated  steel 
(control). 

Elemental  analysis  of  the  coatings  extracted  from 
coated  steel  was  performed  by  the  Galbraith 
Laboratories.  Inc.  The  morphology  of  the  coated  and 
noncoated  substrate  was  examined  by  scanning 
electron  microscopy  (SEM).  The  samples  were 
shadowed  with  carbon  to  enhance  their  conductivity. 

RESULTS  AND  DISCUSSION 
Effect  of  current  density 

The  concentration  of  pyrrole  and  benzene  sul¬ 
fonate  was  kept  constant  at  0.25  and  0.1  M, 
respectively.  The  current  density  was  varied  from 
1.13  to  7.88  mA  cm”2.  The  current  density  has  a 
significant  effect  on  the  eiectropolymerization 
potential  of  pyrrole,  £P..The  eiectropolymerization 
potential  of  pyrrole,  increased  with  the  current 
density,  Cd  (Fig.  1).  The  relationship  between  Ep 
and  C<\  is  given  by: 

Zip  =  0.61  +0.097[Cd].  (1) 

The  slope  of  the  Ev  vs  i  plot  is  the  measure  of  the 


2 

Current'  Density (m A/cm  ) 

Fig.  1.  Variation  of  eiectropolymerization  potential  with 
current  density. 
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Fig.  2.  Potential-time  curve  for  electropolymerization  of 
pyrrole  on  stainless  steel  as  a  function  of  current  density  and 
time,  showing  no  induction  time. 


resistance  of  working  electrode.  Increasing  the 
current  density  from  10  to  70mA cm"2  (600% 
increase)  resulted  in  an  increase  in  the  electropoly¬ 
merization  potential  from  0.72  to  1.38  V  (90% 
increase;  Fig.  2).  There  was  no  induction  time  for 
electropolymerization  of  pyrrole  on  stainless  steel. 
This  maybe  is  due  to  the  presence  of  passive  Cr203 
film  on  the  steel  surface  [27]  which  prevented  the 
dissolution  of  steel. 

Initially,  the  potential  difference  between  the 
reference  and  working  electrodes  steps  to  a  positive 
value  (Ep  p  1.5  V)  and  then  drops  to  a  steady  lower 
value  Tip  ^  0.6  V  (polymerization  potential),  without 
any  induction  time  (Fig.  2).  The  rate  of  formation 
of  polypyrrole  increased  proportionately  by  650% 
(from  0.61  to  4.52  mg  cm"2  ks"1)  as  the  current 
density  was  increased  from  1.13  to  7.88  mA cm"2 
(600%  increase),  however,  the  current  efficiency 
remained  unchanged  at  99-105%  [Table  1(b)], 
indicating  that  the  efficiency  of  electropolymerization 
was  not  dependent  on  the  current  density.  Table  1(b) 
shows  the  per  cent  current  efficiency  determined  by 
using  the  method  established  by  Schirmeisen  and 
Beck  (28],  Increasing  the  current  density  from  1.13  to 


Table  1(b). 

Dependence  of  current  efficiency  for  electrochemical 
polymerization  of  pyrrole  on  the  current  density; 
([Py]  =  0.25  M,  [BSASS]  =  0.1  M,  degree  of  insertion, 
y  «  0.38) 


Current  density  (mAcm“2) 

Current  efficiency  (%) 

1.13 

99 

2.25 

99 

4.50 

102 

7.88 

105 

7.88  mA  cm"2  (~600%  increase)  resulted  in  no 
significant  change  in  the  current  efficiency. 

The  amount  of  polypyrrole  coatings  formed  at 
different  current  density  was  determined  as  a  function 
of  electropolymerization  time  (Fig.  3).  As  shown  in 
Fig.  3,  the  weight  of  polypyrrole  coatings  formed  on 
stainless  steel  is  proportional  to  the  current  density 
and  electropolymerization  time.  The  total  charge 
passed  during  the  reaction  increases  with  both  the 
applied  current  and  time  for  which  the  current  was 
passed.  Since  the  formation  of  polypyrrole  occurs  by 
electron  transfer,  which  is  dependent  on  the  charge 
passed  (current  x  time),  increasing  the  latter  should 
lead  to  a  proportionate  increase  in  the  amount  of 
polypyrrole  formed.  From  the  slope  of  the  weight  of 
coating-time  curves,  the  rate  electropolymerization 
of  pyrrole  was  determined  and  tabulated  as  a 
function  of  current  density  (Table  1).  The  rate  of 
formation  of  polypyrrole  increased  with  current 
density.  The  order  of  the  rate  of  electropolymeriza¬ 
tion  of  pyrrole  with  respect  to  the  current  density  was 
determined  from  the  slope  of  the  Ln  rate  vs  Cd  plot 
(Fig.  4)  to  be  1.04  [equation  (2)]: 

Rp  oc  [Cd]K04.  (2) 

Effect  of  monomer  concentration 

The  concentration  of  benzene  sulfonic  acid  sodium 
salt  and  current  density  were  kept  constant  at  0.1  M 
and  2.25  mA  cm"2,  respectively.  The  concentration 
of  pyrrole  was  varied  from  0.05  to  0.8  M.  The 
electropolymerization  potential  of  pyrrole  decreased 
with  increased  pyrrole  concentration  (Fig.  5).  The 
chromate  oxide,  Cr203,  film  present  on  the  stain- 


Table  1(a). 

Dependence  of  the  Tate  electropolymerization  of  pyrrole  onto  stainless  steel  on  the 
current  density 


Applied  current 
-(-fflA) 

Current  density 
JynA-cm'2) 

Xlectropolymerization 
potential  r^SCE) 

LRate 

Angcm“2Jcs"() 

10 

L13 

0.72 

0.61 

20 

2.25 

0.83 

1.21 

40 

4.50 

1.05 

2.51 

70 

7.88 

1.38 

4.52 
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Fig.  3.  Dependence  of  the  weight  of  polypyrrole  coatings 
formed  onto  stainless  steel  on  the  current  density  and 
reaction  time. 


[PY] 

Fig.  5(a).  Variation  of  electropolymerization  potential  with 
initial  pyrrole  concentration. 


less  steel  surface  (passive  layer)  is  more  insulative 
than  the  chromate  oxide-polypyrrole-benzene  sul¬ 
fonate,  C^Cb-PPy-ChPh,  composite  interlayer 
formed  during  electropolymerization.  A  decrease  in 
the  resistance  of  the  electrode  will  occur  as  the  more 
conductive  C^Ch-PPy-ChPh  interlayer  is  formed. 
Increasing  pyrrole  concentration  from  0.05  to  0.1  M 
(100%  increase)  resulted  in  a  significant  decrease  in 
the  polymerization  potential  from  1.46  to  0.90  V 
(38%  decrease).  However,  further  increase  in  pyrrole 
concentration  from  0.1  to  0.8  M  (700%  increase) 
resulted  in  only  a  slight  decrease  in  the  polymeriz¬ 
ation  potential  from  0.9  to  0.79  V  (12%  decrease; 
Fig.  5).  The  amount  of  polypyrrole  coatings  formed 
on  stainless  steel  increased  slightly  with  monomer 
concentration  (Fig.  6).  The  increment  in  the  amount 
of  polypyrrole  formed  due  to  increased  pyrrole 


ln(CDJ 

Tig.  4.  Determination  of  the  current  density  exponent. 


concentration  was  significantly  lower  than  that 
obtained  with  equivalent  increase  in  the  current 
density.  For  example,  doubling  the  current  density 
from  1.13  to  2.25  mA  cm"2  resulted  in  the  doubling 
of  the  weight  of  polypyrrole  coatings  formed  from  3.2 
to  5.8  mg  after  10  min  of  reaction  (Fig.  3),  however, 
doubling  the  monomer  concentration  from  0.1  to 
0.2  M  resulted  in  a  slight  increase  in  the  amount 
of  polypyrrole .  formed  from  11.7  to  13,1  mg 
[12%  increase  (Fig.  6)]  after  20  min  of  reaction. 

The  rate  of  electropolymerization  of  pyrrole  was 
determined  from  the  slope  of  the  weight  of  coatings 
vs  time  plots  as  a  function  of  time  and  initial  pyrrole 
concentration.  It  increased  with  initial  pyrrole 
concentration  (Table  2).  Only  a  slight  dependence  of 


Fig.  5(b).  Potential-time  curve  for  electropolymerization  of 
pyrrole  on  stainless  steel  as  a  function  of  pyrrole 
concentration  and  time,  showing  no  induction  time. 
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Table  2. 

Dependence  of  the  rate  of  eiectropolymerization  of  pyrrole  onto  stainless  steel 
on  the  initial  pyrrole  concentration 


[Py] 

(M) 

[BSASS] 
(M)  ' 

Eiectropolymerization 
potential  (V  vs  SCE) 

Eiectropolymerization 
rate  (mg  cm"2  ks  —  1) 

0.05 

0.1 

1.46 

0.97 

0.1 

0.1 

0.90 

1.11 

0.25 

0.1 

0.83 

1.21 

0.5 

0.1 

0.82 

1.32 

0.8 

0.1 

0.79 

1.38 

Eiectropolymerization  Time(ks) 

Fig.  6.  Dependence  of  the  weight  of  polypyrroie  coatings 
formed  onto  stainless  steel  on  the  initial  pyrrole  concen¬ 
tration  and  reaction  time. 


Fig.  8(a).  Variation  of  eiectropolymerization  potential  with 
electrolyte  concentration. 


Fig.  7.  Determination  of  the  initial  pyrrole  concentration 
exponent. 


T!me{ks) 

Fig.  8(b).  Potential -time  curve  for  eiectropolymerization  of 
pyrrole  on  stainless  steel  as  a  function  of  electrolyte 
concentration  and  time,  showing  no  induction  time. 
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Table  3(a). 

Dependence  of  the  rate  of  electropolymerization  of  pyrrole  on  the  concentration 
of  benzene  sulfonic  acid  sodium  salt 


fPy] 

(M) 

[BSASS] 

(M) 

Electropolymerization 
potential  (V  vs  SCE) 

Electropolymerization 
rate  (mg  cm~2ks~’) 

0.25 

0.05 

0.97 

1.17 

0.25 

0.1  . 

0.83 

1.21 

0.25 

0.2 

0.73 

1.13 

0.25 

0.4 

0.66 

1.17 

the  rate  of  polypyrrole  formation  on  initial  pyrrole 
concentration  of  0.12  is  observed  [equation  (3)] 
(Fig.  7).  The  0.12  dependence  of  the  rate  on  pyrrole 
concentration  is  much  lower  than  that  reported 
for  potentiostatic  electropolymerization  of  pyrrole 
[23-26], 

*P  *  [Pyf12.  (3) 

Effect  of  electrolyte  concentration 

The  concentration  of  pyrrole  was  kept  constant  at 
0.25  M  and  the  current  density  was  maintained  at 
2.25  mA  cm"2.  The  concentration  of  the  electrolyte 
was  varied  from  0.05  to  0.4  M,  The  pH  of  the 
electrolyte  was  monitored  as  a  function  of  electrolyte 
concentration.  Increasing  the  electrolyte  concen¬ 
tration  from  0.05  to  0.4  M  (700%  increase),  resulted 
in  only  a  slight  increase  in  the  pH  from  9.68 
([H+]  -  2.09  x  10~,0M)  to  9.84  ([H+]  -  1.45  x 
10"!0M)  (~31%  increase).  The  electropolymeriza¬ 
tion  potential  of  pyrrole  decreased  exponentially 
from  0.97  to  0.66  V  vs  SCE  (32%  decrease)  as  the 
electrolyte  concentration  was  increased  from  0.05 
to  0.4  M  [700%  increase;  Figs  8(a),  8(b)  and 


Table  3(b). 

Dependence  of.  pH  of  the  reaction  medium  on 
electrolyte  concentration  ([Py]  ~  0.25  M) 


Electrolyte  concentration 

pH  of  reaction 

(mol  l"1) 

medium 

0.05 

9.68 

0.1 

9.71 

0.2 

9.80 

0.4 

9.84 

Table  4. 

Elemental  composition  of  the  coatings 

Elements 

Composition  (%) 

C 

57/88 

H 

4.11 

N 

11.16 

S 

9.83 

Table  3(a)].  The  decrease  in  the  polymerization 
potential  (32%)  may  be  attributed  to  the  increase 
in  the  pH  of  the  reaction  medium  (31%)  as  the 
electrolyte  concentration  was  increased.  Increasing 
the  electrolyte  concentration  consequently  increases 
the  conductivity  of  the  medium. 

The  amount  of  polypyrrole  formed  and  the  rate 
of  galvanostatic  electropolymerization  of  pyrrole  on 
stainless  steel  was  independent  of  the  electrolyte 
concentration  (Fig.  9  and  Table  3)  implying  a  zero 
order  of  dependence.  The  dependence  of  rate  of 
polymerization  on  electrolyte  concentration  has  been 
determined  to  range  from  0.5  to  0.8  [23-26].  The 
disparity  in  these  results  may  be  traced  to  the  nature 
of  the  counterions,  the  interaction  of  the  counterion 
with  the  film  and  the  technique  of  electropolymeriza- 
tion.  Most  of  the  reports  that  gave  a  higher 
dependence  of  rate  on  electrolyte  concentration 
[23-26]  were  obtained  from  constant  potential 
electropolymerization,  where  the  current  may  vary 
with  time.  Higher  electrolyte  concentrations, 
[BSASS]  ^  1.0  M,  may  show  higher  dependence  of 
rate  on  the  latter.  Other  factors  of  importance  include 
the  nature  of  the  working  electrode  and  the  spacing 
of  the  electrodes. 


Hlectropolymerization  Time(  ks) 

Fig.  9.  Dependence  of  the  weight  of  polypyrrole  coatings 
formed  onto  stainless  steel  on  electrolyte  concentration  and 
reaction  time. 
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pyrrole  concentration,  [Py]  and  the  current  density, 
Cd,  can  be  expressed  as: 

RP  oc  [M]012[Cd]104  (4) 

Composition  and  morphology  of  the  coatings 

The  elemental  composition  of  the  polypyrrole 


benzene  sulfonate  coatings  formed  on  stainless  steel 
is  shown  in  Table  4.  Elemental  analysis  shows  the 
presence  of  sulfur  in  the  coatings  and  indicates  that 
the  sulfonate  counterion  is  incorporated  into  the 
polypyrrole  film.  The  mole  ratio  of  polypyrrole  to  the 
sulfonate  ion  was  determined  to  be  ~3:1. 

The  SEM  pictures  for  the  polypyrrole  coatings 


Fig.  10.  SEM  micrograph  of  stainless  steel  coated  with  polypyrrole  formed  by  using  low  current  density  (top)  and  high 
current  density  (bottom). 
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formed  on  stainless  steel  by  using  different  reaction 
parameters  is  shown  in  Figs  10-12.  Overall,  the 
surface  of  poiypyrrole  coatings  is  grainy  and  porous. 
The  porosity  of  the  coatings  varied  with  the  current 
density,  monomer  and  electrolyte  concentration, 
respectively.  The  coatings  formed  by  passing  a 
current  density  of  20  mA  cirr2  ([M]  =  0.25  M, 
[BSASS]  =  0.1  M)  was  smoother  and  more  compact 
than  the  coatings  formed  by  using  70  mA  cm  ~3 


([M]  =  0.25  M.  [BSASS]  =  0.1  1V1),  which  is  porous 
and  leafoidal  (Fig.  10).  The  increased  porosity  of  the 
coatings  formed  by  using  a  higher  current  density 
may  be  traced  to  increased  deposition  rate.  The  effect 
of  varying  monomer  concentration  on  the  mor¬ 
phology  of  the  coatings  is  shown  in  Fig.  11.  The 
polypyrrole  coatings  formed  by  using  low  pyrrole 
concentration,  [M]  =  0.05  M  (Cd  =  20  mA  cm 
[BSASS]  =  0.1  M),  is  compact  and  dense  while  the 


Fig.  11.  SEM  micrograph  of  stainless  steel  coated  with  polypyrrole  formed  by  using  low  pyrrole  concentration  (top)  and 
high  pyrrole  concentration  .(bottom). 
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Fig.  12.  SEM  micrograph  of  stainless  steel  coated  with  polypyrrole  formed  by  using  low  electrolyte  concentration  (top) 
and  high  electrolyte  concentration  (bottom). 


poIy.pyr.ro If  coatings  formed  by  using  higher  pyrrole 
concentration,  [M]  =  0,5  M  (Cd  =  20  mA  cm"2, 
[BSASS]-— 0.1  M),  is  more  porous  and  grainy. 
Figure  12  shows  the  dependence  of  the  mor¬ 
phology  of  polypyrrole  coatings  on  the  electrolyte 
concentration.  Smoother  and  compact  polypyrrole, 
coatings  were  formed  at  lower  electrolyte  con¬ 


centration  (Cd  =  20  mA  cnr'%  [M]  =  0.25  M, 
[BSASS]  —  0.05  M).  Using  a  higher  electrolyte 
concentration  (20  mA  cm~2,  [M]  —  0.25  M, 

[BSASS]  —  0.5  M),  a  less  dense  and  porous  coating  is 
formed.  It  is  expected  that  the  dependence  of  the 
morphology  of  the  coatings  on  the  current  density 
would  be  reflected  in  the  properties  of  the  coatings. 
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CONCLUSIONS 

Polypeptide  coatings  has  been  formed  on  stain¬ 
less  steel  by  an  aqueous  constant  current  elec¬ 
trochemical  process.  The  electropolymerization 
potential  of  pyrrole  increased  with  the  current  density 
and  decreased  exponentially  with  initial  pyrrole 
concentration  and  benzene  sulfonate  concentration. 
The  rate  of  electropolymerization  of  pyrrole  in¬ 
creased  with  the  current  density  and  slightly  with 
initial  pyrrole  concentration.  It,  however,  was 
unaffected  by  benzene  sulfonate  concentration.  The 
current  efficiency  for  galvanostatic  electropolymer¬ 
ization  of  pyrrole  was  independent  of  the  current 
density. 
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ABSTRACT:  Polypyrrole  coatings  were  formed  on  stainless  steel  working  electrodes  in 
aqueous  oxalic  acid  solution.  The  rate  of  formation  of  polypyrrole  coatings  on  stainless 
steel  increased  proportionately  with  the  current  density  but  increased  slightly  with 
increased  pyrrole  concentration.  Increasing  oxalic  acid  concentration  also  had  no  sig¬ 
nificant  change  in  the  polymerization  rate.  The  electropolymerization  potential  of  pyr¬ 
role  decreased  significantly  from  1.5  to  0.8  V  versus  SCE  when  the  working  electrode 
was  polished.  The  polymerization  potential,  Ep,  of  pyrrole,  increased  however,  with 
increased  current  density  and  decreased  exponentially  with  the  initial  monomer  and 
electrolyte  concentration,  respectively.  ©  1997  John  Wiley  &  Sons,  Inc.  J  Appl  Polym  Sci  66: 
2433-2440,  1997 

Key  words:  polypyrrole;  process  parameters;  electropolymerization  potential;  elec¬ 
tropolymerization  rate;  stainless  steel 


INTRODUCTION 

Electropolymerization  is  used  in  a  variety  of  ap¬ 
plications,  including  the  formation  of  polymers  in 
solution,1,2  the  modification  of  graphite  fibers,3-6 
and  the  formation  of  in  situ  matrix  composites.7-10 
It  is  presently  being  proposed  as  a  technique  for 
forming  new  materials  and  novel  microstruc¬ 
tures.11  The  formation  of  insulating  and  highly 
crosslinked  polymer  coatings  on  steel  by  partial 
electropolymerization  of  o-allyl  phenol  and  allyl 
amine  on  steel  was  reported.13  Their  coatings 
showed  very  good  corrosion  resistance.  One  of  the 
approaches  to  protect  steel  against  oxidation  and 
eorrosion  is  the  application  of  polymeric  coatings 
that  are  capable  of  inhibiting  the  oxidation  of 
steel.  Polymer  -coatings  -derived  from  allyl  aro¬ 
matic  amines  were  shown  to  be  very  effective  in¬ 
hibitors  for  the  oxidation  of  iron.14  Highly  stable 
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and  corrosion-resistant  amine- sulfur  copolymer 
coatings  have  been  formed  on  steel  by  electroco¬ 
polymerization  of  aniline  and  ammonium  sul¬ 
fide.16  Both  insulating  and  conductive  polymer 
coatings  have  been  electropolymerized  onto  a  va¬ 
riety  of  substrates16^20  with  excellent  throwing 
power  (uniform  coating  of  irregular  and  complex 
shapes). 

Corrosion  takes  place  when  two  or  more  elec¬ 
trochemical  reactions  [eqs.  (1)  and  (2)]  occur  on 
a  metal  surface,  as  follows. 

02  +  2H20  +  4e“  -  40H"  (0.4  V)  (1) 
(reduction  of  oxygen) 

+  ne"  (2) 

(oxidation  of  metal) 

Corrosion  can  be  predicted  from  the  following 
equation 
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Eiectropolymerization  Time(ks) 

Figure  1  Potential -time  curves  for  electropolymeri¬ 
zation  of  pyrrole  onto  nonpolished  (top)  and  polished 
(bottom)  stainless  steel  ( Cd  -  2.25  mA  cm-2). 

where  n  is  the  number  of  electrons,  F  is  the  Fara¬ 
day’s  constant,  E0  is  the  standard  cell  potential, 
and  K  is  the  equilibrium  constant. 

The  equilibrium  potential  E  is  related  to  the 
standard  potential  E0  by  the  Nemst  equation: 

T>rp 

E  =  E0  +  -MntM71*]  (4) 


Figure  2  Potential -time  curve  for  electropolymeriza¬ 
tion  of  pyrrole  onto  stainless  steel  as  a  function  of  cur¬ 
rent  density  and  time,  showing  no  induction  time. 


Eiectropolymerization  Time(ks) 

Figure  3  Dependence  of  the  weight  of  polypyrrole 
formed  onto  stainless  steel  on  the  current  density. 


Prevention  of  corrosion  can  be  achieved  by 
applying  passive  nonsoluble  film  on  the  substrate, 
minimizing  the  entry  of  oxygen  and  water  to  the 
metal-film  interface  and  keeping  the  oxidation 
power  of  the  metal  as  low  as  possible.21  The  corro¬ 
sion  resistance  of  stainless  steel  in  formic  acid 
and  oxalic  acid  solutions  was  investigated  by  Sek- 
ine  and  Momoi. 22,23  They  showed  that  the  room 
temperature  corrosion  resistance  of  stainless  steel 
SUS  329 J1  and  SS  41  was  very  good.  However, 
the  corrosion  resistance  of  these  materials  in  boil¬ 
ing  formic  or  oxalic  acid  was  poor  and  decreased 
with  increased  acid  concentration.22,23  The  forma¬ 
tion  of  free-standing  polypyrrole  films  on  stainless 
steel  is  of  interest  because  of  the  low  cost  of  the 
substrate  relative  to  the  conventional  platinum 
electrodes.  Judiciously  choosing  the  process  vari¬ 
ables,  strongly  adherent  polypyrrole  films  can  be 
formed  on  stainless  steel.  The  corrosion  perfor¬ 
mance  of  such  coated  substrates  can  be  compared 
with  the  control.  The  need  for  a  low-cost  and  an 
environmentally  friendly  metal  protection  tech¬ 
nique  has  stirred  renewed  interest  in  research  in 
"this  "field. 

Several  investigators  have  studied  the  kinetics 
of  eiectropolymerization  of  pyrrole  on  plati¬ 
num.24-28  Saveant  et  al.  reported  that  radical  cat¬ 
ions  coupling,  rather  than  neutral  radicals  cou¬ 
pling,  occurred  during  the  eiectropolymerization 
of  pyrrole  24  The  dependence  of  the  rate  of  potenti- 
ostatic  polymerization  of  pyrrole  on  the  reaction 
variables,  such  as  initial  pyrrole  concentration 
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Table  I  Variation  of  the  Rate  of  Electropolymerization  of  Pyrrole 
with  Current  Density 


Applied 

Current 

Electropolymerization 

Electropolymerization 

Current 

Density 

Potential 

rate 

(mA) 

(mA/cm2) 

(V  versus  SCE) 

(mg  cm-2  ks_1) 

10 

1.13 

0.67 

0.25 

20 

2.25 

0.72 

0.59 

40 

4.50 

1.35 

1.24 

70 

7.88 

2.40 

2.18 

and  electrolyte  concentration,  was  determined  by 
Otero  and  coworkers. 25,26  The  dependence  of  the 
rate  of  formation  of  polypyrrole  ( on  platinum  elec¬ 
trode)  on  perchlorate  (electrolyte)  concentration 
and  pyrrole  concentration  was  found  to  be  0.5, 
respectively,  in  acetonitrile.  However,  the  order 
of  the  reaction  with  respect  to  perchlorate  in¬ 
creased  to  0.8  in  water.  Iroh  and  Wood  also  stud¬ 
ied  the  efficiency  and  kinetics  of  aqueous  potenti- 
ostatic  electropolymerization  of  pyrrole  on  carbon 
fibers.27,28  It  was  shown  that  the  rate  of  electropo¬ 
lymerization  of  pyrrole  increased  with  pyrrole 
concentration,  toluene  sulfonate  concentration 
and  applied  voltage  raised  to  a  power  of  0.8— 1.0, 
0.8,  and  0.9-1.2,  respectively, 27  i.e.,  Rp  a  [M]a8~ 
10  [S03Ph]°‘8,  and  [EPa]0  9“L2.  They  showed  that 
the  efficiency  of  potentiostatic  polymerization  of 
pyrrole  increased  with  pyrrole  concentration  and 
decreased  with  applied  voltage.28 

In  this  article,  we  report  the  effect  of  electro¬ 
chemical  process  variables  on  the  electropolymer- 


Ln[CD) 

Tigure  4  Determination  of  the  current  density  expo¬ 
nent. 


ization  potential  and  the  rate  of  formation  of 
polypyrrole  on  stainless  steel.  In  a  future  article, 
the  corrosion  resistance  of  the  polypyrrole-coated 
stainless  steel  will  be  evaluated  and  compared 
with  that  of  polypyrrole-modified  low-carbon 
steel. 


EXPERIMENTAL 

Pyrrole  (98%)  and  reagent-grade  oxalic  acid  were 
purchased  from  Aldrich  Chemical  Company,  Inc. 
Tetrachloroethylene  and  methanol  were  also  pur¬ 
chased  from  Aldrich  Chemical  Company.  The  re¬ 
agents  were  dissolved  in  deionized  water  pre¬ 
pared  in  our  department. 

The  working  electrode  is  an  0.46  mm  thick  304 


Figure  5  Potential -time  curve  for  electropolymeriza¬ 
tion  of  pyrrole  onto  stainless  steel  as  a  function  of  initial 
pyrrole  concentration  and  time,  showing  no  induction 
time. 
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Table  II  Variation  of  the  Rate  of  Electropolymerization  of  Pyrrole 
with  Pyrrole  Concentration  _ 


Electropolymerization 

Electropolymerization 

[PY] 

[OA] 

Potential 

Rate 

(M) 

CM) 

(V  versus  SCE) 

(mg  cm"2  ks"1) 

0.1 

0.1 

0.76 

0.51 

0.25 

0.1 

0.72 

0.57 

0.5 

0.1 

0.71 

0.69 

0.8 

0.1 

0.68 

0.70 

stainless  steel  panel  (2B  finish)  purchased  from 
Copper  Brass  Sales  Inc.  The  working  electrode 
was  degreased  with  tetrachloroethylene  for  about 
60  min  prior  to  electrochemical  polymerization. 
The  counter  electrodes  comprised  of  two  titanium 
alloy  plates.  Saturated  Calomel  elelectrode 
(SCE),  manufactured  by  Corning  Company,  was 
used  as  reference  electrode.  Galvanostatic  electro- 
polymerization  of  pyrrole  was  performed  by  an 
EG&G  Princeton  Applied  Research  Potentiostat/ 
Galvanostat  Model  273A. 

Electrochemical  formation  of  polypyrrole  on 
stainless  steel  was  carried  out  in  a  one-compart¬ 
ment  polypropylene  cell.  The  current  densities 
used  in  this  study  ranged  from  1.13  to  7.88  mA 
cm-2.  The  initial  electrolyte  concentration  was 
varied  from  0.05  to  0.4M,  while  pyrrole  concentra¬ 
tion  was  varied  from  0.1  to  0.8M.  Electropolymer¬ 
ization  time  was  varied  between  300  and  1800  s. 

The  coated  substrate  was  rinsed  with  methanol 


[PY] 


Figure  6  Variation  of  electropolymerization  potential 
with  initial  pyrrole  concentration. 


and  dried  at  65°C  in  a  vacuum  oven  to  constant 
weight.  The  weight  of  the  coatings  was  deter¬ 
mined  as  the  difference  between  the  coated  and 
noncoated  steel  (control). 

The  infrared  (IR)  specimens  were  prepared  by 
mixing  a  small  quantity  of  the  coatings  with  IR- 
grade  potassium  bromide  (KBr)  powder  and  sub¬ 
sequent  pressing  of  the  mixture  into  a  clear  pellet. 
Transmission  IR  spectroscopy  was  carried  out  us¬ 
ing  a  Bio-Rad  FTS-40  spectrophotometer.  Ele¬ 
mental  analysis  of  the  coatings  extracted  from 
coated  steel  was  performed  by  the  Galbraith  Lab¬ 
oratories,  Inc.,  Knoxville,  Tennessee. 

RESULTS  AND  DISCUSSION 
Effect  of  Current  Density 

The  concentration  of  pyrrole  and  oxalic  acid  were 
maintained  constant  at  0.25  and  0.1  M,  respec- 


Electropolymerization  Time(ks) 

Figure  7  Dependence  of  the  weight  of  polypyrrole 
formed  onto  stainless  steel  on  pyrrole  concentration. 
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Figure  8  Determination  of  monomer  concentration 
exponent. 


Figure  10  Variation  of  electropolymerization  poten¬ 
tial  with  electrolyte  concentration. 


tively,  and  the  current  density  was  varied  from 
1.13  to  7.88  mA  cm-2. 

Figure  1  shows  the  dependence  of  the  poten¬ 
tial-time  curves  of  pyrrole  on  stainless  steel  at 
2.25  mA  cm”2,  on  the  surface  treatment  of  the 
substrate.  When  the  stainless  steel  was  polished 
with  abrasive  paper,  the  electropolymerization 
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Figure  9  Potential—  time  curve  for  electropolymeriza¬ 
tion  of  pyrrole  onto  stainless  steel  as  a  function  of  elec¬ 
trolyte  concentration  and  time,  showing  no  induction 
time. 
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potential  of  pyrrole  was  maintained  constant  at 
Ep  <  0.8  V.  However,  when  the  stainless  steel  was 
not  polished,  the  electropolymerization  potential 
of  pyrrole  became  unsteady  and  increased  sharply 
to  Ep  =  1.5  V. 

The  electropolymerization  potential  of  pyrrole 
increased  with  the  current  density,  and  the  shape 
of  the  potential -time  curves  varied  with  the  cur¬ 
rent  density  (Fig.  2).  Below  2.25  mA  cm*"2,  the 
electropolymerization  potential  of  pyrrole  re¬ 
mained  steady  at  0.8  V  versus  SCE  during  poly¬ 
merization.  Significant  increase  in  the  electro¬ 
polymerization  potential  of  pyrrole  to  1.5  V  versus 
SCE  occurred  when  the  current  density  was 
raised  to  4.50  mA  cm”2.  The  electropolymeriza¬ 
tion  potential  increased  with  time  and  attained  a 
value  of  1.35  V  versus  SCE  in  1200  s.  A  further 
increase  in  the  current  density  to  7.88  mA  cm"*2 
resulted  in  a  time-dependent  increase  in  the  elec¬ 
tropolymerization  potential  for  700  s,  after  which 
it  remained  at  2.40  V  versus  SCE  (Fig.  2). 

Figure  3  shows  the  dependence  of  the  weight 
of  polypyrrole  coatings  on  the  current  density  and 
electropolymerization  time.  The  weight  of  the 
coatings  increased  proportionately  “with  current 
density  and  time.  The  rate  of  electropolymeriza¬ 
tion  of  pyrrole  was  determined  from  the  slope  of 
the  weight  of  coating-time  curves  (Fig.  3).  The 
rate  of  electropolymerization  increased  with  the 
current  density,  as  shown  in  Table  I.  Increasing 
the  current  density  from  0.56  to  7.78  mA  cm”2 
resulted  in  an  increase  in  the  rate  of  polymeriza- 
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Table  III  Variation  of  the  Rate  of  Electropolymerization  of  Pyrrole 
with  Electrolyte  Concentration 


[PY] 

(AO 

[OA] 

(AO 

Electropolymerization 
Potential 
(V  Versus  SCE) 

Electropolymerization 

Rate 

(mg  cm-2  ks-1) 

0.5 

0.05 

0.74 

0.70 

0.5 

0.1 

0.71 

0.69 

0.5 

0.2 

0.65 

0.67 

0.5 

0.4 

0.63 

0.70 

tion  from  0.25  to  2.18  mg  cm"2  ks_1.  The  depen¬ 
dence  of  the  rate  of  formation  of  polypyrrole  on 
stainless  steel  on  the  current  density  was  deter¬ 
mined  from  the  Ln  rate  versus  Ln  Cd  plot  (Fig. 
4)  to  be  1.12  [Rp  a  [Cd]112],  indicating  a  first- 
order  process. 

Effect  of  Monomer  Concentration 

The  concentration  of  oxalic  acid  and  current  den¬ 
sity  were  kept  constant  at  0.1M  and  2.25  mA 
cm-2,  respectively,  while  the  concentration  of  pyr¬ 
role  was  varied  from  0.1  to  0.8M.  Figure  5  shows 
the  electropolymerization  potential -time  curve 
as  a  function  of  initial  pyrrole  concentration  and 
time.  The  potential -time  curve  rose  to  a  maxi¬ 
mum  value  at  t  ~  0  s,  after  which  it  remains 
invariant  with  time.  There  was  no  induction  pe¬ 
riod,  indicating  that  the  chromium  oxide  layer 


Electropolymerization  Time(ks) 

Figure  11  Dependence  of  the  weight  of  polypyrrole 
formed  onto  stainless  steel  on  oxalic  acid  concentration. 


was  effective  in  preventing  the  dissolution  of  iron. 
The  electropolymerization  potentials  decreased 
exponentially  ( about  11%  decrease;  Table  II)  with 
the  increased  pyrrole  concentration  (700%  in¬ 
crease;  Fig.  6)  due  to  increased  conductivity  of 
the  PPy-C204  film.  Recall  that  increased  current 
density  caused  a  proportionate  increase  in  the  po¬ 
lymerization  potential  and  weight  of  polypyrrole 
coatings.  The  dependence  of  the  weight  of  polypyr¬ 
role  on  the  initial  pyrrole  concentration  is  shown 
on  Figure  7.  Increasing  the  pyrrole  concentration 
results  in  a  moderate  increase  in  the  weight  of 
polypyrrole  formed.  For  instance,  increasing  the 
pyrrole  concentration  from  0.1  to  0.8M  (700%  in¬ 
crease)  resulted  in  an  increase  in  the  weight  of 
coatings  from  2.6  to  4.8  mg  (85%  increase)  after 
10  min  of  electropolymerization.  The  rate  of  poly¬ 
merization  was  determined  from  the  slope  of  the 
weight  of  coatings  versus  time  curve  and  pre¬ 
sented  as  a  function  of  pyrrole  concentration  (Ta¬ 
ble  II).  The  rate  of  electropolymerization  of  pyr¬ 
role  increased  with  pyrrole  concentration  (Table 
II).  The  order  of  the  electropolymerization  with 
respect  to  pyrrole  concentration  was  determined 
from  the  slope  of  the  Ln  rate  of  weight  gain  versus 
Ln  [M]  plot  (Fig.  8)  as  0.22  [Rp  a  [PY]022]. 

Effect  of  Electrolyte  Concentration 

The  pyrrole  concentration  and  current  density 
were  kept  constant  at  0.5M  and  2.25  mA  cm-2, 


Table  IV  Elemental  Composition  of  the 
Polypyrrole  Coatings 


Composition 

Elements 

(%) 

C 

60.21 

H 

3.16 

N 

16.71 

S 

16.08 
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Figure  12  Infrared  spectra  of  pyrrole  (top)  and  polypyrrole-oxalate  coatings  formed 
on  stainless  steel  (bottom). 


respectively.  The  concentration  of  oxalic  acid  was 
varied  from  0.05  to  0.4M  Figures  9  and  10  shows 
the  potential-time  curve  for  electropolymerization 
of  pyrrole  as  a  function  of  oxalic  acid  concentration. 
There  was  no  induction  time  for  polymerization  of 
pyrrole  onto  stainless  steel  (Fig.  9).  The  steady- 
state  polymerization  potential  decreased  ( 15%  de¬ 
crease)  with  electrolyte  concentration  (700%  in¬ 
crease;  Table  III)  due  to  increased  conductivity  of 
the  PPy-C204  layer.  Generally,  the  eiectropolymer- 
ization  potential  decreases  exponentially  with  the 
increasing  electrolyte  concentration  (  Fig.  10).  The 
variation  of  the  weight  of  polypyrrole  coatings  with 
electrolyte  concentration  is  Shown  in  Figure  11. 
The  amount  of  polypyrrole  formed  per  unit  of  time 
is  about  0.7  mg  cm-2  ks  -1 ,  irrespective  of  the  oxalic 
acid  concentration  (Table  III),  indicating  a  zero- 
order  reaction  with  respect  to  the  electrolyte  con¬ 
centration  (  Rpa  [  O  A j  o ) . 


Elemental  Composition  and  Analysis 
of  the  Coatings 

The  elemental  composition  of  the  polypyrrole  oxa¬ 
late  coatings  formed  on  stainless  steel  is  shown 
in  Table  IV.  Elemental  analysis  shows  the  pres¬ 
ence  of  oxygen  in  the  coatings  and  indicates  that 
the  hydrogen  oxalate  counterion  is  incorporated 
into  the  polypyrrole  film.  The  mole  ratio  of  pyrrole 
“to  the  hydrogen  oxalate  ion  in  the  film  was  deter¬ 
mined  to  be -5 : 1. 

Fourier  transform  IR  (FTIR)  spectra  of  the 
polypyrrole  coatings  extracted  from  stainless  steel 
show  the  characteristic  TR  pea"ks  associated  with 
pyrrole  and  the  oxalate  counterion.  Figure  12 
shows  the  IR  spectra  for  pyrrole  (Fig.  12,  top)  and 
that  for  polypyrrole  coatings  formed  in  oxalic  acid 
solution  (Fig.  12,  bottom).  The  broad  peak  oc¬ 
curring  at  3200-3500  cm-1  corresponds  to  the 
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N — H  stretching  in  the  pyrrole  ring.  The  strong 
transmittance  peak  at  2923  cm-1  is  due  to  the 
vibration  of  the  — C — C —  group  from  oxalic  acid. 
The  IR  peaks  occurring  between  1650  and  1735 
cm-1  correspond  to  C — C  stretches,  C — H  defor¬ 
mations,  C— N  stretches,  N— H  deformation,  and 
C=C  and  C=0  stretches.  Three  distinct  bands 
appear  near  1100-1000  cm-1  and  are  due  to 
C — H  deformations.  The  remaining  region,  1000- 
400  cm-1 ,  is  dominated  by  a  strong  peak  near  735 
cm-1,  (Fig.  12,  top),  which  is  due  to  a  C — H  wag 
vibrations  coming  from  adjacent  2,5-hydrogen 
atoms  on  the  pyrrole  ring.  There  is  also  a  peak 
near  556  cm-1  that  probably  corresponds  to  an 
N — H  wag  vibration.  The  remaining  peaks  in  this 
region  can  be  assigned  vibrations,  such  as  other 
C — H  wags,  and  a  couple  of  different  ring  vibra¬ 
tions.  The  IR  spectra  of  the  polypyrrole  coatings 
(Fig.  12,  bottom)  confirmed  the  presence  of  the 
oxalate  ion  in  the  coatings  (2923,  1650,  and  1735 
cm-1).  One  of  the  striking  features  of  Figure  12 
(bottom)  is  the  disappearance  of  the  C — H  peak 
at  735  cm-1  due  to  oxidative  coupling  (anodic  po¬ 
lymerization)  of  pyrrole.  Overall,  the  IR  analysis 
shows  the  presence  of  oxalate  ions  in  the  coatings 
and  confirmed  the  elimination  of  the  2,5-hydrogen 
atoms  during  electropolymerization. 


CONCLUSION 

Polypyrrole  coatings  have  been  successfully 
formed  on  stainless  steel  by  aqueous  electrochem¬ 
ical  polymerization  using  oxalic  acid  as  the  elec¬ 
trolyte.  The  rate  of  formation  of  polypyrrole  in¬ 
creased  with  current  density  and  slightly  with 
initial  pyrrole  concentration  but  remained  un¬ 
changed  with  electrolyte  concentration.  The  poly¬ 
merization  potential  increased  with  current  den¬ 
sity  and  decreased  with  monomer  and  electrolyte 
concentration.  The  polymerization  potential  for 
pyrrole  in  oxalic  acid  solution  was  dependent  on 
the  -pretreatment  of  the  stainless  steel  electrode 
and  decreased  significantly  with  surface  polish, 
followed  by  rinse  in  tetrachloro  ethylene.  Overall, 
smooth  and  dense  polypyrrole  films  were  formed 
on  polished  substrates.  IR  spectra  confirmed  the 
presence  of  oxalate  ions  in  the  coatings  and  the 
elimination  of  2,5-hydrogens  during  the  electropo¬ 
lymerization  of  pyrrole. 
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Abstract 

Poly(N-methylpyrrole)  coatings  have  been  successfully  formed  on  steel  by  a  one-step  electrochemical  process  in  different  media.  Electro- 
polymerization  was  performed  in  aqueous  medium  with  low  monomer  concentration  and  in  a  mixed  aqueous /organic  media  with  higher 
monomer  concentrations.  Ethanol  (EtOH)  and  AyV-dimethylformamide  (DMF)  were  chosen  as  the  organic  components  of  the  mixed  solvents 
and  oxalic  acid  was  used  as  the  electrolyte.  The  effect  of  process  parameters  on  the  formation  of  poly  ( N-  methyl  pyrrole )  was  systematically 
investigated.  The  composition  and  morphology  of  the  coatings  were  also  studied  by  elemental  analysis,  FT-IR  and  scanning  electron  microscopy 
( SEM ) .  Our  results  reveal  that  the  formation  and  properties  of  poly(N-methylpyrroIe)  coatings  were  all  dependent  on  the  solvent  composition 
and  other  process  parameters.  The  amount  of  poly(AMnethylpyrrole)  formed  on  steel  increased  with  time  and  applied  current  for  all  the 
solvent-electrolyte  systems.  For  the  electropolymerization  performed  in  distilled  water-oxalic  acid  solution,  the  amount  of  polymer  coatings 
formed  decreased  with  increased  electrolyte  concentration.  In  contrast,  the  amount  of  polymer  coatings  formed  on  steel  in  distilled  water:  ethanol 
(.1:1  )-oxalic  acid  and  distilled  water:DMF  ( 1: 1 ) -oxalic  acid  systems,  increased  with  increasing  electrolyte  concentration.  By  controlling  the 
electrochemical  parameters,  smooth,  uniform  and  strongly  adherent  coatings  could  be  formed  onto  steel  substrates.  ©  1998  Elsevier 
Science  S.A.  All  rights  reserved. 

Keywords:  Poly  ( /V-methylpyrrole )  coatings ;  Electrochemical  processes ;  Steel ;  Solvent 


1.  Introduction 

The  corrosion  of  metals  is  an  enormous  problem  through¬ 
out  the  world.  Many  methods  have  been  developed  over  the 
years  to  address  the  problem  of  corrosion  of  metals.  Among 
them,  polymer  coatings  may  be  the  most  widely  used  method 
in  industry  [1-3].  However,  there  are  two  major  environ¬ 
mental  problems  concerning  the  conventional  coating  tech¬ 
niques:  one  is  the  chromate  rinsing  process  required  for  the 
pretreatments  of  metals,  and  the  other  problem  is  the  use  of 
volatile  organic  solvents  for  the  formulation  of  coatings 
[4,5].  Due  to  the  environmental  concerns  about  the  hazard¬ 
ous  effects  of  chromates  ana  volatile  organic  solvents, 
research  has  been  recently  performed  to  develop  environ¬ 
mentally  friendly  processes  for  the  pretreatments  of  metals 
and  formulation  of  coatings. 

Electrochemical  polymerization  is  perhaps  an  alternative 
coating  technique  which  can  eliminate  the  use  of  hazardous 
chemicals.  Other  merits  of  electropolymerization  include  the 
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possibility  of  automation,  mild  production  conditions  and  the 
ability  to  control  the  properties  of  the  coatings  by  proper 
choice  of  the  reaction  parameters  [6-9].  Recently,  interest 
has  been  shown  to  form  polypyrrple  coatings  on  oxidizable 
metals  for  corrosion  protection  by  an  electropolymerization 
technique  [  10-16] .  Since  polypyrrole  is  produced  by  an  oxi¬ 
dative  process,  formation  of  polypyrrole  coatings  can  only 
occur  on  the  oxidizable  metals  when  the  electrochemical  con¬ 
ditions  can  lead  to  passivation  of  the  metals  without  prevent¬ 
ing  the  electropolymerization  of  pyrrole.  It  was  found  that 
only  a  few  electrochemical  systems  could  meet  this  require¬ 
ment  [  10-16] .  Compared  to  polypyirole,  poly(A^-methyl- 
pyrrole)  has  a  relatively  low  conductivity.  Its  free-standing 
films  are  stable  in  both  oxidizable  and  neutral  forms.  In  addi¬ 
tion,  the  price  of  poly(N-methylpyrrole)  is  much  lower  than 
that  of  polypyirole  [17-19]  .  These  properties  of  poly(N- 
methylpyrrole)  make  it  a  more  attractive  candidate  to  be 
considered  as  protective  coating  for  metals. 

In  this  paper,  we  report  our  investigation  on  the  formation 
of  poly(N-methylpyrrole)  coatings  on  steel  by  a  one-step 
electrochemical  process.  Because  of  the  limited  solubility  of 
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JV-methylpyrrole  in  aqueous  solution,  the  synthesis  of 
poly  (N-methylpyrrole)  coatings  on  steel  was  investigated  in 
both  aqueous  medium  and  aqueous /organic  mixing  media. 

2.  Experimental 

Chemicals  used  in  this  study  were  all  purchased  from 
Aldrich  Chemical  Company.  QD  low  carbon  steel  panels 
were  provided  by  the  Q-panel  Company. 

Electrochemical  synthesis  of  poly  (N-methylpyrrole)  coat¬ 
ings  was  carried  out  in  a  one-compartment  polypropylene 
cell.  The  working  electrode  was  made  from  the  QD  low 
carbon  steel  sheets.  The  low  carbon  steel  sheets  were  degrea¬ 
sed  with  tetrachloroethylene  for  about  1  h  prior  to  the  elec¬ 
trochemical  reactions.  The  coated  surface  area  of  the  steel 
was  8.89  cm2.  The  counter  electrodes  comprised  of  two  tita¬ 
nium  alloy  plates.  A  saturated  calomel  electrode  (SCE)  man¬ 
ufactured  by  Coming  Company  was  used  as  the  reference 
electrode.  The  electrochemical  reactions  were  performed 
galvanostatically.  The  constant  current  was  supplied  by  an 
EG&G  Princeton  Applied  Research  273A  potentiostat/ 
galvanostat.  The  working  electrode  and  counter  electrodes 
were  used  as  anode  and  cathode  respectively.  After  each 
experiment,  the  coated  steel  sheet  was  rinsed  with  deionized 
water  and  methanol,  and  dried  in  vacuum  oven  at  65°C  to 
constant  weight. 

Elemental  analysis  of  the  coatings  scraped  from  the  sub¬ 
strate  was  done  by  Galbraith  Laboratories,  Inc.  A  BIO-RAD 
FTS-40  FT-IR  spectrometer  was  used  to  measure  the  IR 
spectra  of  the  coatings  by  means  of  potassium  bromide  (KBr) 
pellets.  The  morphology  of  the  coatings  was  examined  by 
scanning  electron  microscopy  (SEM).  The  SEM  specimens 
were  shadowed  with  gold  to  enhance  their  conductivity. 

3.  Results  and  discussion 

3.1.  Electrodeposition  of  poly( N-methylpyrrole )  coatings  on 
steel  in  aqueous  medium 

In  this  research,  oxalic  acid  was  chosen  as  the  electrolyte 
for  the  electrochemical  synthesis  of  poly(A^methyipyrrole) 
coatings  on  steel.  The  formation  process  of  poly(Ar-methyl- 
pyifole)  coatings  was  first  investigated  in  aqueous  medium. 
In  this  part  of  the  study,  the  concentration  of  A-methy  lpyrrole 
was  kept  constant  at  0.05  M,  which  is  very  close  to  the 
solubility  of  N-rnethylpyrrole  in  aqueous  solution.  The  elec¬ 
trolyte  concentrations  were  varied  from  0.1  to  0.4  M.  For 
each  electrolyte  concentration,  the  current  density  was 
changed  from  0.5  to  4  mA/cm2. 

Figs.  1-3  show  the  corresponding  potential-time  curves 
for  the  formation  reactions.  The  formation  process  of  poly  ( N- 
methylpyrrole)  on  steel  is  somewhat  different  from  that  on 
inert  electrodes  such  as  platinum.  When  platinum  was  used 
as  the  electrode,  the  electropolymerization  of  TV-methylpyr- 
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Fig.  1.  Potential-time  curves  for  the  formation  of  poly  ( N-methylpyrrole ) 
coatings  on  steel  in  aqueous  solution,  [MPy]  =0.05  M,  [OA]  =0.1  M 


Time  (ks) 


Fig.  2.  Potential-time  curves  for  the  formation  of  poly  (N-methylpyrrole) 
coatings  on  steel  in  aqueous  solution,  [MPy]  =0.05  M,  [OA]  =0.2  M. 

role  took  place  immediately  after  the  current  was  supplied. 
However,  when  steel  was  used  as  the  electrode,  an  induction 
period  was  shown  before  the  electropolymerization  of  N- 
methylpyrrole  took  place.  This  phenomenon  was  also 
observed  in  the  formation  process  of  polypyrrole  coatings  on 
steel  [13-16] .  It  was  suggested  that  the  following  two  reac¬ 
tions  occurred  during  the  induction  period: 

Fe-2e->Fe2  +  (1) 

Fe2+  4-  C2042~ .+ 2H20  FeC204  •  2H20  (2) 

The  produced  FeC204*2H20  was  almost  insoluble  in 
water  and  precipitated  directly  onto  the  steel  substrate.  At  the 
end  of  the  induction  period,  the  steel  substrate  was  completely 
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Fig.  3.  Potential-time  curves  for  the  formation  of  poly(W-methylpyrroIe) 
coatings  on  steel  in  aqueous  solution,  [MPy]  «  0.05  M,  [ OA]  =  0.4  M. 

covered  by  the  FeC204  •  2H20,  preventing  farther  dissolution 
of  iron.  When  the  passivation  of  steel  was  established,  the 
reaction  potential  changed  from  the  dissolution  potential  of 
iron  to  the  electropolymerization  potential  of  iV-m ethyl- 
pyrrole. 

Fig.  4  shows  the  variation  of  the  induction  time  with  the 
applied  current  density  for  different  electrolyte  concentra¬ 
tions.  It  can  be  seen  that  the  induction  time  decreased  dra¬ 
matically  with  increasing  current  density.  For  the  same 
applied  current  density,  however,  induction  time  did  not 
change  much  with  electrolyte  concentration.  As  shown  in 
Fig.  5,  ln(induction  time)  against  ln(current density)  shows 
a  linear  relationship,  which  can  be  expressed  by  the  following 
equations:  ° 


[OA]  =0.1  M:  In  f= 5.73 —0.98  In  i  (3) 

[OA]  =0.2  M:  In  t=  5. 77  — 1,12  In  i  (4) 

[OA]  =0.4 M:  In  t=5.86- 1.16 In  i  (5) 

When  the  passivation  of  the  steel  was  established,  black 
poly  (Al-methylpyrrole)  coatings  began  to  form  on  the  steel 
substrate,  but  the  electropolymerization  potential  of  iV-meth- 
ylpyrrole  and  the  properties  of  the  poly  ( W-methylpyrrole ) 
coatings  were  all  dependent  on  the  applied  current  density 
and  the  electrolyte  concentration.  The  amount  of  poly(Ar- 
methylpyrrole)  formed  on  steel  increased  with  time  and 
applied  current  (Table  1(a)).  Increasing  the  applied  current 
from  0.56  to  2.25  mA/ cm2  increased  the  weight  of  coatings 
from  G;07  to  0.64  mg/cm2.  The  effect  of  increased  oxalic 
acid  concentration  on  the  weight  of  polymer  coatings  formed 
on  steel  is  shown  in  Table  1(b).  Increasing  the  electrolyte 
concentration  from  0.1  to  0.4  M  resulted  in  decreased  weight 
of  coatings  from  0.64  to  0.38  mg/cm2  (Table  l(a)-(c)). 
The  decreased  weight  of  coatings  at  increased  oxalic  acid 
concentration  may  be  due  to  increased  dissolution  of  steel. 


0.5  1  1.5  2  2.5  3  3.5 

Current  Density  (mA/cm2) 

Fig.  4.  Variation  of  induction  time  with  applied  current  density  for  the 
aqueous  solutions  with  different  electrolyte  concentrations. 
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Fig.  5.  Dependence  of  induction  time  on  the  applied  current  density  for  the 
aqueous  solutions  with  different  electrolyte  concentrations. 

The  potential-time  curves  for  the  reaction  are  shown  in  Fig. 
1.  The  polymerization  potential  increased  from  about  "0.8  V 
to  about  1.2  V  when  the  applied  current  density  was  increased 
from  0.56  to  1 .13  mA/ cm2.  However,  increasing  the  applied 
current  density  to  2.25  and  3.38  mA/cm2  did  not  lead  to 
■further  increase  in  the  polymerization  potential;  on  the  con¬ 
trary,  the  electropolymerization  potentials  at  2,25  and  3*38 
mA/ cm2  were  all  lower  than  that  at  1 .13  mA/cm2.  However, 
die  passivation  times  were  significantly  decreased  with 
increased  applied  current.  For  example,  increasing  the 
applied  current  from  0.56  to  3.38  mA/cm2  resulted  in  a 
decrease  in  the  passivation  time  from  592  to  98  s  (Table 
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Table  1 

i  Induction  time  Passivation  charge  Polymerization  potential  Weight  change 

(mA/cm2)  (s)  (mC/cm2)  (Vvs.SCE)  (mg/cm2) 


(a)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous  solution,  [MPy]  =0.05  M,  [OA]  =0.1  M 


0.56 

592 

332 

0.82 

0.07 

1.13 

240 

271 

1.23 

0.27 

2.25 

138 

.  310 

0.64 

3.38 

98 

348 

-0.42 

(b)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous  solution,  [MPy]  =  0.05  M,  [OA]  =  0.2  M 


0.56 

625 

350 

0.68 

0.07 

1.13 

269 

304 

0.28 

2.25 

133 

.  299 

0.47 

3.38 

82 

'  277 

0.66 

(c)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous  solution,  [MPy]  =0.05  M,  [OA]  =0.4  M 


0.56 

641 

359 

0.69 

0.04 

1.13 

334 

377 

0.27 

2.25  . 

151 

340 

0.38 

3.38 

76 

257 

0.60 

1(a)).  The  passivation  charge  remained  nearly  constant  at 
300  mC/cm2  (Table  l(a)-(c)). 

When  the  electrolyte  concentration  was  increased  to  0.2 
and  0.4  M,  smooth,  uniform  and  strongly  adherent  coatings 
were  obtained  at  applied  current  densities  below  1.13  mA/ 
cm2.  When  the  applied  current  densities  were  above  2.25 
mA/cm2,  uniform  coatings  were  obtained  after  30  min  reac¬ 
tion,  but  they  were  very  brittle  and  could  be  easily  peeled  off 
from  the  substrates.  At  each  applied  current  density,  the 
potential-time  curves  showed  similar  characteristics  between 
these  two  electrolyte  concentrations.  All  the  potential-time 
curves  showed  a  sharp  peak  right  after  the  induction  period. 
This  peak  is  perhaps  related  to  the  nucleation  of  poly(Ar- 
methylpyrrole)  on  the  steel  substrate  [  18] .  For  each  reaction 
system,  the  electropolymerization  potential  of  Wmethylpyr- 
role  increased  with  the  current  density  for  the  same  reaction 
time.  When  the  current  density  was  0.56  mA/ cm2,  the  elec¬ 
tropolymerization  potential  first  reached  a  constant  value 
after  the  sharp  peak,  but  it  only  lasted  about  200  to  300  s, 
then  the  potential  increased  rapidly  to  a  higher  value  and 
remained  roughly  constant  during  the  rest  of  the  reaction.  The 
steady-state  electropolymerization  potential  of  jV-methylpyr- 
role  was  about  0.68  V  for  both  electrolyte  concentrations.  At 
the  current  density  of  1.13  mA/cm2,  the  electropolymeriza¬ 
tion  potential  increased  slowly  with  time  after  the  sharp  peak. 
When  the  applied  current  densities  were  above  2.25  mA/ 
cm2,  the  electropolymerization  potentials  first  increased  very 
rapidly  with  reaction  time,  then  tended  to  level  off,  but  higher 
applied  current  density  ( 3 .38  mA/ cm2 )  led  to  a  shorter  reac¬ 
tion  time  for  the  potential  to  reach  the  plateau.  Worthy  men¬ 
tion  is  that  uniform  and  strongly  adherent  coatings  could  be 
obtained  at  high  applied  current  densities 'by  controlling  the 
reaction  potentials.  Generally  speaking,  if  the  reaction 
potential  exceeded  1.6  V,  the  adhesi  on  of  the  coatings  to  the 
substrate  became  very  poor.  Perhaps  the  FeC204  *  2H20  inter¬ 
layer  also  began  to  decompose  when  the  potential  was  above 
1 .6  V.  The  potential-time  curves  for  the  formation  of  poly  ( N- 


methylpyrrole)  coatings  on  steel  are  also  different  from  those 
for  the  formation  of  polypyrrole  coatings  on  steel  [13-16] . 
When  pyrrole  was  used  as  monomer,  the  electropolymeriza¬ 
tion  potential  was  very  steady  for  all  the  current  densities 
discussed  above.  This  may  be  due  to  the  low  conductivity  of 
poly(N-methylpyrrole)  films. 

3.2 .  Electrodeposition  of  poly  (N~methylpyrrole)  coatings  on 
steel  in  aqueous/organic  mixing  media 

In  order  to  investigate  the  formation  process  of  poly(A/- 
methylpyrrole)  coatings  at  higher  monomer  concentrations, 
we  first  chose  aqueous/ethanol  mixing  solvent  to  increase 
the  solubility  of  N-methylpyrrole.  Since  oxalic  acid  is  not  a 
good  electrolyte  in  ethanol  solution,  low  content  of  ethanol 
was  used.  For  0.1  M  N-methylpyrrole  and  0.1  M  oxalic  acid, 
about  20  vol.%  ethanol  was  needed  to  dissolve  the  iV-meth- 
ylpyrrole  completely.  For  this  reaction  system,  the  electro¬ 
chemical  reactions  were  investigated  at  different  current 
densities.  Fig.  6  shows  the  corresponding  potential-time 
curves.  It  can  be  seen  that  the  reaction  at  0.56  mA/ cm2  shows 
an  undesirable  behaviour.  Although  the  potential  increased 
to  a  high  positive  value  at  the  end  of  the  induction  period,  it 
returned  to  the  dissolution  potential  of  iron  after  a  very  short 
period  and  changed  frequently  between  the  two  potentials. 
No  black  coating  was  found  on  the  substrate  surface  after  30 
min  reaction.  When  the  current  density  was  1.13  mA/cm2, 
uniform  and  strongly  adherent  poly  (N-methylpyrrole)  coat¬ 
ing  was  obtained  after  30  min  reaction. 

The  amount  of  poly  ( N-methylpyrrole )  formed  on  steel 
increased  with  the  applied  current  (Table  2(a)).  Increasing 
the  applied  current  from  0.56  to  3.38  mA/cm2  increased  the 

weight  of  coatings  from  0. 11  to  1.27mg/cm2.  A  slight  change 
in  weight  of  the  coatings  was  obtained  at  increased  electrolyte 
concentration  (Table  2(b)). 

The  electropolymerization  potential  of  N-methylpyrrole 
did  not  change  much  with  reaction  time.  When  the  current 
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Table  2 


i  Induction  time  Passivation  charge  Polymerization  potential  Weight  change 

(mA/cm2)  (s)  (mC/cm2)  (V  vs.  SCE)  (mg/cm2) 


(a)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous /ethanol  solution,  [MPy]  —0.1  M,  [OA]  —  0.1  M 


0.56 

274 

153 

0.11 

1.13 

133 

150 

.  0.80 

0.43 

2.25 

76 

171 

1.00 

3.38 

38 

128 

1.27 

(b)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  ethanol /aqueous  solution,  [MPy]  =  0.1  M,  [OA]  =  0.4  M 
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Fig.  6.  Potential-time  curves  for  the  formation  of  poly  ( N-methylpyrrole ) 
coatings  on  steel  in  aqueous /ethanol  medium,  [MPy]  =0.1  M,  [OA]  — 
0.1  M. 
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Fig.  7.  Potential-time  curves  for  the  formation  of  poly ( N-methylpy rrole ) 
coatings  on  steel  at  0.56  mA/cm2  in  aqueous/ethanol  media  with  different 
electrolyte  concentrations. 


0.1  M 


density  was  2.25  mA/cm2,  the  adhesion  of  the  poly(/V-meth- 
yipyrrole)  coating  to  the  steel  substrate  was  good,  but  the 
surface  of  the  coating  became  somewhat  rough.  The  corre¬ 
sponding  electropolymerization  potential  increased  slowly 
with  time.  At  the  current  density  of  3.38  mA/cm2,  how¬ 
ever,  the  polymerization  potential  of  N-methylpyrrole  first 
increased  slowly  with  reaction  time,  and  subsequently 
increased  very  rapidly  after  about  700  s  reaction. 

The  concentration  of  oxalic  acid  was  further  increased  to 
0.4  M  while  the  composition  of  the  solvent  and  the  concen¬ 
tration  of  the  monomer  remained  the  same  as  the  above  sys¬ 
tem.  Tig.  7  shows  the  potential-time  curve  for  Ms  reaction 
system  at  applied  current  density  of  0.56  mA/ cm2.The  poten¬ 
tial-time  curve  for  the  reaction  system  with  0. 1  M  oxalic  acid 
concentration  is  also  plotted  in  Fig.  7  for  the  purpose  of 
comparison.  It  can  be  seen  that  the  undesirable  behaviour 
occurred  again  and  the  reaction  potential  changed  more  fre¬ 
quently  for  the  reaction  system  with  higher  electrolyte  con¬ 
centration.  Hie  detailed  mechanism  is  not  clear  so  far; 
perhaps  ethanol  could  interfere  with  the  formation  of  the 
passive  interlayer  at  low  current  density. 


In  order  to  overcome  the  above  problem,  the  formation 
process  ofpoly(N-methylpyrrole)  coatings  on  steel  was  also 
investigated  in  aqueous /DMF  mixing  solvent.  The  compo¬ 
sition  of  the  reaction  systems  for  this  part  of  the  study  is 
shown  in  Table  3.  Minimum  content  of  DMF  was  used  for 
each  reaction  system. 

Figs.  8-10  show  the  potential-time  curves  for  the 
three  reaction  systems.  It  can  be  seen  that  aqueous/DMF 
medium  shows  a  different  behaviour  from  the  aqueous/ 
ethanol  medium.  The  characteristics  of  the  formation  process 
and  properties  of  the  coatings  can  be  summarized  as  the 
following:  for  each  solution,  the  induction  time  also 
decreased  dramatically  with  increasing  current  density.  For 
the  reaction  systems  6  and  7,  smooth,  uniform  and  strongly 
adherent  coatings  were  obtained  when  the  applied  current 
densities  were  below  1.13  mA/cm2, 

The  amount  of  poly  ( A-methylpyrrole)  formed  on  steel 
increased  with  applied  current  and  oxalic  acid  concentration 
(Table  4(a)-(c) ).  Increasing  the  applied  current  from  0.56 
to  3.38  mA/cm2  increased  the  weight  of  coatings  from  0.1 1 
and  0.07  to  0.86  and  1.20  mg/cm2  for  oxalic  acid  concentra- 
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Table  3 

Composition  of  the  solution  containing  DMF 


No.  of  solution 

[MPy] 

(M) 

[OA] 

(M) 

Vf  (DMF) 
(%) 

6 

0.1 

0.1 

14 

7 

0.1 

0.4 

6 

8 

0.2 

0.1 

22 
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Fig.  8.  Potential-time  curves  for  the  formation  of  poly ( N-methylpyrrole ) 
coatings  on  steel  in  aqueous/DMF  medium,  [MPy]=0.1  M,  [OA]  - 
0.1  M. 

tions  of  0.1  and  0.4  M,  respectively.  Note  that  increasing  the 
oxalic  acid  concentration  for  this  system  resulted  in  a  signif¬ 
icant  increase  in  the  amount  of  polymer  formed.  It  is  believed 
that  the  dissolution  of  steel  is  minimized  in  the  presence  of 
DMF.  Increased  monomer  concentration  also  resulted  in 
increased  amount  of  coatings  formed  on  steel  (Table  4(a)- 
(b)). 

The  electropolymerization  potential-time  curves  for  the 
polymerization  of  A-methylpyrrole  in  DMF  were  steadier 
than  those  obtained  in  the  ethanol-water  system.  For  reaction 
system  6  (Table  3),  the  electropolymerization  potentials  at 
0.56  and  1.13  mA/cm2  were  1.26  and  1.37  V,  respectively. 
The  corresponding  electropolymerization  potentials  were  1.0 
and  1.2$  V  for  reaction  system  7  (Table  3).  For  reaction 
systems  6  and  7,  the  quality  of  the  coatings  decreased  after 
30  min  of  reaction  when  the  current  densities  were  above 
2.25  mA/cm2.  The  corresponding  polymerisation  potential 
of  A-methylpyrrole  first  increased  slowly  with  reaction  time, 
then  increased  very  rapidly  with  reaction  time.  For  reaction 
system  $,  smooth,  uniform  and  strongly  adherent  poly  (N- 
methylpyrrole)  coating  was  formed  on  the  steel  substrate 
when  the  applied  current  density  was  0.56  mA/cm2.  The 
corresponding  polymerization  potential  of  /V-methylpyrrole 
was  around  0.96  V.  When  the  applied  current  densities  were 
above  1.13  mA/cm2,  however,  the  steel  substrates  were  only 
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Fig.  9.  Potential-time  curves  for  the  formation  of  poly (AT-methyl pyrrole) 
coatings  on  steel  in  aqueous/DFM  medium,  [MPy]=0.1  M,  [OA]  = 
0.4  M. 
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Fig.  10.  Potential-time  curves  for  the  formation  of  poly(TV-methylpyrrole) 
coatings  on  steel  in  aqueous/DFM  medium,  [MPy]=0.2  M,  [OA]  - 
0.1  M. 

partially  coated.  The  polymerization  potential  of  /V-methyl- 
pyrrole  remained  roughly  constant  instead  of  increasing  with 
time,  indicating  that  the  passivation  of  the  steel  substrate  was 
not  well  established.  It  seems  that  high  content  of  DMF  is  not 
favorable  for  the  passivation  of  steel  and  formation  of  high- 
quality  poly  (N-methylpyrrole)  coatings. 

3.3 .  Composition  and  morphology  of  the  poly (N -methyl- 
pyrrole)  coatings 

The  poly  ( N-methylpyrrole)  coatings  scraped  from  the 
.  steel  substrates  were  first  analyzed  by  elemental  analysis  and 
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Table  4 


i  Induction  time  Passivation  charge  Polymerization  potential  Weight  change 

(mA/cnr)  (s)  (mC/cm3)  (V  vs,  SCE)  (mg/cm3) 


(a)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous/DMF  solution,  [MPy]  =0.1  M,  [OA]  =  0.1  M 


0.56 

449 

251 

1.26 

0.11 

1.13 

223 

252 

1.37 

0.26 

2.25 

91 

205 

0.56 

3.38 

56 

189 

0.86 

(b)  Characteristics  of  the  formation  process  of  MPPy  on  steel  in  aqueous/DMF  solution,  [MPy]  —0.2  M,  [OA]  =0.1  M 


0.56 

550 

308 

0.96 

0.22 

1.13 

184 

208 

1.22 

0.36 

2.25 

89 

200 

1.43 

0.66 

3.38 

65 

220 

1.58 

0.79 

(c)  Characteristics  of  the  formation  process  of  MPPy  on  steel 

in  aqueous/DMF  solution,  [MPy]  =0.1  M,  [OA]  =0.4  M 

0.56 

805 

451 

1.00 

0.07 

1.13 

331 

374 

1.28 

0.25 

2.25 

123 

277 

0.74 

3.38 

74 

250 

1.20 

the  results  are  listed  in  Table  5.  The  results  show  the  presence 
of  oxygen  in  the  coatings,  indicating  the  electrolyte  was 
doped  into  poly  (N-methylpyrrole) .  Assuming  that  the  coun¬ 
terion  was  HC204"  1 1 5  ] ,  the  degree  of  insertion  of  the  coun¬ 
terions  was  calculated  to  be  0,39.  This  value  is  a  little  bit 
higher  than  the  corresponding  value  of  polypyrrole  coatings 
[16] 

The  IR  spectra  of  A-methylpyrrole,  oxalic  acid  and 
poly  (N-methylpyrrole)  are  shown  in  Fig.  11.  The  poly(/V~ 
methylpyrrole)  coatings  show  the  IR  characteristic  peaks 


Fig.  11.  IR  spectra  of  N-methylpyrrole,  oxalic  acid  and  poly(/V-methyl- 
pyrrole). 


Table  5 

Results  of  the  elemental  analysis  of  the  coating 


Elements 

Content  (%) 

C 

56.15 

H 

4.72 

N  - 

13.04 

S 

23.35 

associated  with  A-methylpyrrole  units  and  the  oxalate  coun¬ 
terions.  The  main  characteristic  peaks  of  the  poly(jV-meth- 
ylpyrrole)  coatings  are  assigned  as  the  following  [20,21], 
The  broad  peak  occurring  at  3440  cm" 1  is  attributed  to  the 
O-H  stretch  of  the  counterions.  The  peak  at  2924  cm  " 1  comes 
from  the  CH3  stretch  of  the  N-methylpyrrole  unit.  The  strong 
peaks  at  1717  and  1642  cm"1  are  characteristic  of  C=0 
stretch  of  the  counterions.  The  three  weak  peaks  at  1441, 
1377  and  1317  cm"1  are  due  to  the  ring  stretch  of  the  N- 
methylpyrrole  units.  The  peak  at  1 159  cm" 1  may  correspond 
to  C-0  stretch  of  the  counterions.  The  peak  at  1048  cm" 1  is 
assigned  to  the  C-H  in-plane  deformation  of  the  A-methyl- 
pyrrole  units.  Those  peaks  occurring  at  873,  810  and  785 
cm" 1  are  due  to  the  C- H  out-of-plane  deformation  of  the 
JV-methylpyrrole  units.  The  peak  at  589  cm"1  is  perhaps 
caused  by  the  C-C-O  in-plane  deformation  of  the  counter¬ 
ions.  Thus,  the  IR  spectra  also  confirm  the  formation  of  the 
poly  ( N-methylpyrrole )  and  the  incorporation  of  the 
electrolyte  into  the  coatings. 

Fig.  12  compares  fhe  SEM  micrographs  of  the  bare  steel 
substrate  and  the  poly  ( 7/-methylpyn*ole )  coating.  The 
poly  (A-methylpyrrole)  coating  was  formed  at  the  applied 
current  density  of  1.13  mA/cm2  for  30  min  in  aqueous  solu¬ 
tion  with  0.2  M  electrolyte  concentration.  It  can  be  seen  that 
the  steel  substrate  was  uniformly  covered  by  the  poly(A- 
methylpyrrole)  coating.  Fine  microspheroidal  grains  were 
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Fig.  12.  SEM  micrographs  of  (a)  bare  steel  and  (b)  poly(AMnethylpyiroIe) 
coating. 


observed  on  the  surface  of  the  coatings.  Overall,  the  surface 
of  the  poly(A^methylpyrrole)  coating  was  very  smooth. 


4.  Conclusions 

Poly(A^methylpyrrole)  coatings  have  been  successfully 
formed  on  steel  by  a  one-step  electrochemical  process  in 
aqueous  medium  and  aqueous  /organic  mixing  media.  The 
formation  process  of  poly(Af-methylpyn*ole)  coatings  on 


steel  substrates  turns  out  to  be  a  very  complex  process.  All 
electrochemical  reactions  were  found  to  involve  an  induction 
period  preceding  the  electropoiymeiization  of  N-methylpyr- 
role.  All  induction  times  decreased  with  increasing  applied 
current  density.  The  formation  process  and  properties  of  the 
coatings  were  also  influenced  by  the  solvent  composition  and 
other  reaction  parameters.  In  order  to  obtain  uniform  and 
strongly  adherent  poly ( N-methylpyrrole )  coatings  on  steel 
substrate,  the  solvent  composition  and  other  reaction  para¬ 
meters  must  be  carefully  controlled. 
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ABSTRACT:  Poly(N-methylpyrrole)  coatings  were  formed  on  low  carbon  steel  by  an 
electrochemical  method  from  aqueous  oxalate  solutions.  The  electrochemical  reactions 
were  performed  in  a  wide  range  of  pH  of  the  reaction  medium  and  applied  current 
density.  The  formation  of  poly(AT-methylpyrrole)  on  steel  occurred  in  three  stages:  (i) 
dissolution  of  the  steel,  followed  by  (ii)  passivation  of  the  steel,  and,  finally,  (iii) 
electropolymerization  of  A^methylpyrrole  on  the  passivated  steel.  The  time  taken  to 
form  the  passive  interphase  (induction  time)  is  decreased  by  an  increased  applied 
current.  Passivation  occurred  instantaneously  at  pH  8.4.  Below  pH  7,  the  shortest 
passivation  time  occurred  at  pH  2.6.  The  quantity  of  the  charge  consumed  during 
passivation  (passivation  charge)  remained  independent  of  the  applied  current  at  pH  » 
2.6  and  decreased  with  the  applied  current  at  pH  4.1  and  5.7.  The  polymerization 
potential  increased  with  the  pH  and  the  applied  current.  Polymerization  potentials 
greater  than  2.0  V  resulted  in  film  degradation.  By  controlling  the  electrochemical 
process  parameters,  good  quality  poly(TV-methylpyrrole)  was  formed  at  a  controlled 
induction  time.  ©  1999  John  Wiley  &  Sons,  Inc.  J  Appl  Polym  Sci  71:  1293-1302,  1999 

Key  words:  poly(IV-methylpyrrole)  coatings;  electrodeposition;  steel;  aqueous  me¬ 
dium 


INTRODUCTION 

Electrochemical  polymerization  plays  an  impor¬ 
tant  role  in  many  technologies,  especially  in  sur¬ 
face  modification  and  materials  preparation.  It 
has  been  used  for  a  variety  of  purposes  ranging 
from  the  formation  of  polymers  in  solution1  to 
modification  of  graphite  fibers2  and  formation  of 
in  situ  matrix  composites.3,4  It  is  also  being  rec¬ 
ognized  as  an  effective  technique  for  the  synthesis 
of  conducting  polymers.5  One  of  the  successful 
examples  is  the  electrochemical  preparation  of 
conducting  polypyrrole  on  inert  electrodes.  So  far, 
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a  vast  number  of  articles  can  be  found  in  the 
literature  concerning  various  aspects  of  this  ma¬ 
terial.6"'21 

Diaz  et  al.  first  prepared  a  series  of  2V-substi- 
tuted  polypyrrole  films  on  Pt  electrodes  in  an 
Et4NBF4/CH3CN  solution.12  Their  results  showed 
that  the  polymeric  films  are  very  difficult  to  pre¬ 
pare  when  the  derivatives  contain  longer  alkyl 
groups  such  as  propyl  or  butyl  groups.  The  con¬ 
ductivity,  level  of  oxidation,  and  density  of  the 
resulting  films  show  a  decreasing  trend  as  the 
size  of  the  alkyl  substituents  is  increased.  The 
oxidation  potential  of  the  neutral  AT-alkyl-substi- 
tuted  polypyrrole  is  also  increased  by  the  pres¬ 
ence  of  the  substituents.  While  polypyrrole  oxi¬ 
dizes  at  mmus;0.2W,  the  substituted  polypyrrole 
films  with  iV-alkyl  substitutents  oxidize  in  the 
region  0.45-0.64  V.  The  higher  oxidation  poten- 
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tial  of  iV-alkyl-substituted  pyrrole  suggests  a  po¬ 
tential  for  enhanced  corrosion  resistance.  Contin¬ 
uous  poly(/3-methylpyrrole)  films  also  have  been 
prepared  by  polymerizing  /3-methylpyrrole  in  ace¬ 
tonitrile  solutions  containing  tetraethylammo- 
nium  tetrafluoroborate.13  The  conductivity  of 
poly  (/3-methylpyrrole)  is  intermediate  between 
polypyrrole  and  poly(lV-methylpyrrole)  (MPPy). 
The  electrodeposition  of  MPPy  films  on  Pt  from 
aqueous  solutions  also  has  been  investigated. 
Asavapiriyanont  et  al.  showed  that  nucleation 
and  growth  is  the  mechanism  for  the  electrodepo¬ 
sition  of  MPPy.14  Mammone  and  Binder  also 
found  that  the  physical  properties  of  the  resulting 
MPPy  films  were  dependent  on  the  anions  used  in 
the  aqueous  electrolyte.  15 

Recently,  the  electrodeposition  of  polypyrrole 
on  iron  substrate  in  an  organic  or  aqueous  solu¬ 
tion  also  has  been  reported.16-21  But  there  is  not 
much  information  on  the  systematic  formation  of 
MPPy  on  steel  from  aqueous  mediums.  Aqueous 
electrochemical  polymerization  is  easy  to  control 
and  environmentally  friendly.  It  is  hoped  that 
aqueous  electropolymerization  will  replace  the 
traditional  coating  technique  which  involves  the 
hazardous  and  environmentally  unsafe  chromate- 
rinse  process.22  Other  advantages  of  the  electro¬ 
chemical  technique  includes  the  possibility  of 
forming  the  polymer  films  directly  on  the  sub¬ 
strate  and  the  ability  to  effectively  Control  the 
properties  of  the  polymer  films  by  proper  choice  of 
the  process  parameters.  The  aim  of  this  research 
work  was  to  investigate  the  effect  of  the  applied 
current,  the  pH  of  the  electrolyte-monomer  solu¬ 
tion,  and  the  electrolyte  concentration  on  the  pas¬ 
sivation  of  steel  and  the  subsequent  electrodepo¬ 
sition  of  MPPy  coatings  on  the  passivated  steel 
from  aqueous  medium.  MPPy-coated  steel  is  be¬ 
lieved  to  have  an  attractive  corrosion  resistance. 


EXPERIMENTAL 

AT-Methylpyrrole  and  oxalic  acid  were  Aldrich 
products.  Triethylamine  (TEA)  was  purchased 
from  Fisher  Scientific.  Aqueous  solutions  used  in 
the  experiments  were  made  from  deionized  water. 

Aqueous  electrodeposition  of  MPPy  coatings  on 
steel  was  carried  out  in  a  one-compartment 
polypropylene  cell.  The  working  electrodes  were 
made  from  h.5-mm- thick  low  carbon  steel 

panels  provided  by  the  Q-panel  Co.  The  coated 
surface  area  of  the  steel  was  8.88  cm2.  All  the 


steel  sheets  were  degreased  with  tetrachloroeth- 
ylene  for  about  1  h  prior  to  the  electrochemical 
experiments.  The  counter  electrodes  comprised 
two  titanium  alloy  plates.  An  saturated  calomel 
electrode  (SCE)  manufactured  by  the  Corning  Co. 
was  used  as  the  reference  electrode.  The  instru¬ 
ment  used  to  electrochemically  coat  the  low  car¬ 
bon  steel  was  an  EG&G  Princeton  Applied 
Research  Potentiostat/Galvanostat  Model  273A. 
Electropolymerization  of  AC-methylpyrrole  on  the 
steel  substrate  was  performed  galvanostatically. 
The  working  electrode  and  counter  electrodes 
were  used  as  the  anode  and  cathode,  respectively. 
The  current  density  used  in  this  experiment  was 
varied  from  0.5  to  4  mA/cm2.  The  concentration  of 
the  monomer  was  kept  constant  at  0.05M  for  all 
the  experiments.  The  electrolyte  concentration 
was  varied  between  0.1  and  0.2 M.  The  pH  of  the 
reaction  medium  was  varied  from  1  to  9.  The  pH 
of  the  solution  containing  IV-methylpyrrole  and 
oxalic  acid  was  adjusted  by  TEA.  After  each  ex¬ 
periment,  the  coated  steel  sheet  was  rinsed  with 
methanol  and  dried  at  65°C  to  a  constant  weight. 

A  Bio-Rad  FTS-40  FTIR  spectrometer  was 
used  to  measure  the  IR  spectra  of  the  coatings 
using  potassium  bromide  (KBr)  pellets.  Elemen¬ 
tal  analysis  of  the  coating  scraped  from  the  sub¬ 
strate  was  done  by  Galbraith  Laboratories,  Inc. 
The  morphology  of  the  coatings  was  examined  by 
scanning  electron  microscopy  (SEM).  The  SEM 
specimens  were  shadowed  with  gold  to  enhance 
their  conductivity. 


RESULTS  AND  DISCUSSION 

Features  of  the  Electrodeposition  Process 

The  formation  process  of  MPPy  coatings  on  steel 
was  first  investigated  with  a  O.lAf  electrolyte  con¬ 
centration  in  a  wide  range  of  pH  of  the  reaction 
medium  and  applied  current  density.  The  corre¬ 
sponding  potential  time  curves  are  shown  in  Fig¬ 
ures  1-4.  As  shown  in  Figures  1  and  2,  the  pro¬ 
cesses  occurring  in  the  acidic  medium  were  quite 
different  from  those  occurring  in  the  alkaline  me¬ 
dium.  In  the  acidic  medium,  the  formation  pro¬ 
cess  of  MPPy  coatings  is  characterized  by  three 
distinct  stages:  (i)  dissolution  of  the  steel,  fol¬ 
lowed  by  (ii)  passivation  of  the  steel,  and,  finally, 
(iii)  electropolymerization  of  IV-methylpyrrole  on 
the  passivated  steel.  The  time  taken  to  form  the 
passive  interphase  (induction  time)  is  decreased 
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Time(ks) 


Figure  1  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  in  different  pH  mediums,  [RX]  =  0.1 Mf 
i  =  0.56  mA/cm2. 


by  an  increased  applied  current  and  increased  pH 
of  the  monomer- electrolyte  solution.  It  can  be 
seen  that  the  pH  of  the  reaction  medium  and 
applied  current  density  have  significant  effects  on 
the  induction  time  (Figs.  1  and  2).  When  the  other 
reaction  parameters  were  kept  constant,  the  in¬ 
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Figure  2  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  in  different  pH  mediums,  [RX]  =  0.1 Af, 
i  =  1.13  mA/cm2. 
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Figure  3  Potential  time  curves  for  the  formatiuon  of 
MPPy  on  steel  at  different  current  densities,  pH  1.4, 
[OA]  =  0.1M. 

duction  time  was  the  shortest  at  pH  2.4,  and  the 
longest,  at  pH  6.0.  Overall,  the  induction  time 
was  changed  according  to  following  sequence: 

TpH  =  5.7  >  rpH  =  3.9  >  TpH 

=  1.4  >  7pH  =  2.7  (1) 


Time  (ks) 

Figure  4  Potential  time  curves  for  the  formatiuon  of 
MPPy  on  steel  at  different  current  densities,  pH  2.7, 
[RX]  =  0.1 M. 
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Figure  5  Relationship  between  induction  time  and 
applied  current  density  at  different  pH,  [RX]  =  0.1 M. 


Figure  5  shows  the  variation  of  the  induction 
time  with  the  applied  current  density  at  different 
pH.  It  is  apparent  that  the  induction  time  de¬ 
creased  dramatically  with  the  applied  current 
density  for  each  pH  medium.  Because  no  passiva¬ 
tion  of  the  steel  was  observed  in  the  medium  of 
pH  of  5.7  at  current  densities  below  1.13  mA/cm2, 
only  the  induction  time  corresponding  to  higher 
current  densities,  i  =  2.25  and  3.38  mA/cm2,  is 
shown  in  Figure  5.  The  effects  of  pH  on  the  in¬ 
duction  time  also  can  be  seen  more  clearly  from 
Figure  5.  At  a  low  applied  current  density,  that  is, 
0.56  mA/cm2,  the  difference  in  the  induction  time 
among  different  acidic  mediums  was  very  large. 
For  example,  the  induction  time  was  398  s  for  the 
medium  of  pH  of  2.7  while  the  induction  time 
became  1142  s  for  the  medium  of  3.9.  However, 
when  the  applied  current  density  was  increased 
to  3.38  mA/cm2,  the  induction  time  became  very 
similar  for  all  the  four  reaction  mediums.  The 
dependence  of  the  induction  time  on  the  applied 
current  density  is  also  plotted  in  Figure  6,  where 
Ln(Induction  Time)  and  Ln(Current  Density) 
showed  a  very  good  linear  relationship  and 
obeyed  the  following  equations: 

pH  =1.4:  Ln  r  =  5.73-0.98Lni  (2) 

(3) 


Figure  6  Dependence  of  induction  time  on  applied 
current  density  at  different  pH,  RX]  =  0.1 M. 


pH  =  3.9:  Ln  r  =  6.40-1.50Ln  i  (4) 

pH  =  5.7:  Ln  t  =  13.93-9.05Ln  i  (5) 

Figure  7  shows  the  change  in  the  charge  con¬ 
sumed  during  the  induction  time  with  the  applied 
current  density  for  different  reaction  mediums.  It 


Figure  7  The  relationship  between  passivation 
charge  and  applied  current  density  at  different  pH, 
[RX]  -  O.lAf. 


pH  =  2.7:  Ln  t  =  5.34-1.14Ln  i 
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Time  (ks) 

Figure  8  Potential  time  curves  for  the  formatiuon  of 
MPPy  on  steel  at  different  current  densities,  pH  8.1, 
[RX]  =  0.1 M. 


can  be  seen  that  the  passivation  charge  shows  a 
different  behavior  in  the  different  mediums.  The 
passivation  charge  was  maintained  roughly  con¬ 
stant  for  the  reaction  mediums  of  pH  of  1.4  and 
2.7.  For  the  medium  of  pH  of  3.9,  the  passivation 
charge  first  decreased  with  the  current  density, 
then  remained  roughly  constant  when  the  current 
density  was  increased  above  2.25  mA/cm2.  The 
passivation  charge  decreased  sharply  for  the  re¬ 
action  medium  of  pH  of  5.7. 

In  the  case  of  the  alkaline  medium  (Fig.  8),  no 
induction  period  was  observed  and  the  reaction 
potential  immediately  attained  a  high  positive 
value  after  the  current  was  applied.  These  results 
are  not  unusual.  According  to  Pourbaix,  the  ap¬ 
plication  of  an  anodic  potential  to  an  iron  im¬ 
mersed  in  alkaline  medium  will  bring  about  the 
passivation  of  the  iron.22 

When  the  passivation  of  the  substrate  was  well 
established,  MPPy  coatings  began  to  form  on  the 
substrate.  But  the  properties  of  the  coatings  were 
found  to  be  dependent  on  the  pH  of  the  reaction 
medium  and  the  applied  current  density.  When 
the  pH  of  the  medium  was  1,4,  there  were  a  few 
small  holes  on  the  surface  of  the  coatings  after  a 
30-min  reaction  at  the  current  density  of  0.56  or 
1.13  mA/cm2.  Many  small  holes  were  observed  at 
the  current  density  of  2.25  mA/cm2.  The  substrate 
was  only  partially  coated  after  a  30-min  reaction 


at  3.38  mA/cm2;  the  weight  of  the  coated  sub¬ 
strate  was  even  less  than  that  of  the  initial  sub¬ 
strate.  Their  potential  time  curves  were  also  dif¬ 
ferent.  When  the  applied  current  density  was  0.56 
and  1.13  mA/cm2,  the  electropolymerization 
potential  of  N-methylpyrrole  was  maintained 
roughly  constant  during  the  electropolymeriza¬ 
tion  period.  The  polymerization  potential  in¬ 
creased  from  about  0.8  to  about  1.2  V  when  the 
applied  current  density  was  increased  from  0.56 
to  1.13mA/cm2.  However,  the  electropolymeriza¬ 
tion  potentials  of  iV-methylpyrrole  at  2.25  and 
3.38  mA/cm2  were  lower  than  that  at  1.13  mA/ 
cm2,  indicating  that  the  passivation  of  the  steel 
was  not  well  established. 

For  the  reaction  medium  of  pH  of  2.7,  smooth, 
coherent,  and  strongly  adherent  coatings  were 
obtained  when  the  applied  current  density  was 
below  1.13  mA/cm2.  The  coatings  obtained  at  a 
current  density  above  2.25  mA/cm2  were  coher¬ 
ent,  but  they  were  brittle  and  separated  from 
the  substrate.  However,  smooth,  coherent,  and 
strongly  adherent  coatings  could  be  obtained  at 
shorter  reaction  times.  The  potential  time  curves 
were  different  from  those  of  the  reaction  medium 
of  pH  of  1.4.  For  the  reaction  medium  of  pH  of  2.7, 
the  electropolymerization  potential  was  main¬ 
tained  roughly  constant  around  0.89  V  at  the 
current  density  of  0.56  mA/cm2.  At  1.13  mA/cm2, 
the  polymerization  potential  increased  slowly 
with  time  during  the  electropolymerization  pe¬ 
riod.  When  the  current  density  was  increased  to 
2.25  and  3.38  mA/cm2,  the  electropolymerization 
potential  first  increased  very  rapidly  with  the  re¬ 
action  time,  then  tended  to  level  off.  For  the  same 
reaction  time,  the  electropolymerization  potential 
increased  with  the  applied  current  density.  Gen¬ 
erally  speaking,  the  adhesion  of  the  coatings  to 
the  substrate  would  become  very  poor  if  the  reac¬ 
tion  potential  exceeded  1.5  V.  The  potential  time 
curves  for  the  electropolymerization  of  iV-methyl- 
pyrrole  are  also  different  from  those  for  the  elec¬ 
tropolymerization  of  pyrrole.  The  electropolymer¬ 
ization  potential  of  pyrrole  on  steel  is  very  steady 
at  the  current  density  discussed  above. 19-21  This 
may  be  due  to  the  low  conductivity  of  the  MPPy 
films. 

When  the  pH  of  the  reaction  medium  was 
about  3.9,  black  coatings  were  formed,  but  the 
coatings  were  not  uniform.  At  0.56  mA/cm2,  the 
substrate  was  only  partially  coated.  For  the  reac¬ 
tion  medium  of  pH  5.7,  a  thin  brown  coating  was 
formed  on  the  substrate  at  the  current  density 
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Figure  9  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  at  different  current  densities,  pH  1.2, 
[RX]  =  0.2M. 
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Figure  10  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  at  different  pH,  [RX]  =  0.2 M,  i  —  0.56 
mA/cm2. 


above  2.25mA/cm2,  but  the  coating  was  not  uni¬ 
form.  In  the  alkaline  medium,  the  coatings  ob¬ 
tained  were  very  similar  to  those  formed  in  the 
medium  of  pH  5.7.  The  detailed  mechanism  of  the 
above  phenomenon  is  not  clear.  Perhaps  a  high 
pH  medium  is  not  advantageous  for  the  nucle- 
ation  and  growth  of  MPPy  coatings.  In  the  alka¬ 
line  medium,  the  corresponding  polymerization 
potentials  were  basically  maintained  constant 
during  the  reaction  period  and  they  showed  an 
increasing  trend  with  the  applied  current  density. 

The  effects  of  the  pH  of  the  acidic  medium  and 
applied  current  density  on  the  formation  of  MPPy 
coatings  were  further  investigated  in  a  0.2 M  elec¬ 
trolyte  solution.  The  corresponding  potential  time 
curves  are  shown  in  Figures  9-12.  The  variation 
of  the  induction  time  with  pH  shows  a  similar 
trend  to  that  of  the  above  system.  However,  com¬ 
pared  to  the  potential  time  curves  obtained  in  the 
0.1M  electrolyte  solution,  it  seems  that  the  induc¬ 
tion  time  was  increased  by  increasing  the  electro¬ 
lyte  concentration  and  the  difference  in  the  induc¬ 
tion  time  between  these  two  electrolyte  concen¬ 
trations  increased  with  the  pH.  For  example, 
when  the  pH  of  the  solution  was  around  1.4,  the 
difference  in  the  induction  time  was  only  about 
30  s  at  0.56  mA/cm2.  However,  when  the  pH  of  the 
medium  was  around  3.9,  the  induction  time  was 
about  1142  s  at  0.56  mA/cm2  for  the  system  with 


the  0.1 M  electrolyte  concentration  while  the  in¬ 
duction  time  was  more  than  1800  s  for  the  system 
with  the  0.2M  electrolyte  concentration. 

Figures  13  and  14  show  the  variation  of  the 
corresponding  induction  time  with  the  applied 
current  density  for  different  pH  mediums.  For 


Time{ks) 

Figure  11  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  at  different  pH,  [RX]  =  0.2M,  i  =  1.13 
mA/cm2. 
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Figure  12  Potential  time  curves  for  the  formation  of 
MPPy  on  steel  at  different  pH,  [RX]  =  0.2 M,  i  =  2.25 
mA/cm2. 


each  medium,  the  induction  time  also  decreased 
dramatically  with  the  current  density.  When  the 
current  density  was  below  2.25  mA/cm2,  the  dif¬ 
ference  in  the  induction  time  was  very  large 
among  the  different  mediums.  At  3.38  mA/cm2, 
the  induction  time  of  the  reaction  medium  with  a 
pH  below  3.9  became  very  close,  but  the  medium 


Figure  13  Relationship  between  induction  time  and 
applied  current  density  at  different  pH,  [RX]  =  0.2 M. 


Figure  14  Dependence  of  induction  time  on  applied 
current  density  at  different  pH,  [RX]  =  0.2. 


with  a  pH  of  5.7  still  had  a  much  higher  induction 
time  than  those  of  the  other  mediums.  As  shown 
in  Figure  14,  the  Ln(Induction  Time)  and  Ln(Cur- 
rent  Density)  also  show  a  very  good  linear  rela¬ 
tionship  and  obey  the  following  equations: 


pH  =  1.2: 

Ln  r  =  5.77-1. 12Lni 

(6) 

pH  =  2.6: 

Ln  r  =  5.56-1. 16Ln  i 

(7) 

pH  =  3.9: 

Ln  r  =  7.49-2.43Ln  i 

(8) 

pH  =  5.7: 

Ln  t  =  8.20-1.49Ln  i 

(9) 

Figure  15  shows  the  change  in  the  charge  con¬ 
sumed  during  the  induction  time  with  the  applied 
current  density  for  the  different  reaction  medi¬ 
ums.  The  passivation  charge  was  maintained 
roughly  constant  for  the  reaction  mediums  of  pH 
1.4  and  2.4.  For  the  mediums  of  pH  3.9  and  5.7, 
the  passivation  charge  decreased  gradually  with 
the  applied  current  density.  Beck  et  al.  investi¬ 
gated  the  formation  of  polypyrrole  coatings  on 
steel  using  oxalic  acid  as  the  electrolyte.19,20  They 
suggested  that  the  passivation  of  iron  was  due  to 
the  formation  of  an  iron  oxalate  interlayer.  But  it 
seems  that  the  electrochemical  parameters  have 
significant  effects  on  the  formation  of  the  inter¬ 
layer.  The  detailed  mechanism  is  now  being  in¬ 
vestigated  in  our  lab. 
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Figure  15  Relationship  between  passivation  charge 
and  applied  current  density  at  different  pH,  [RX] 
=  0.2 M. 


When  the  concentration  of  oxalic  acid  was  in¬ 
creased  to  0.2 M  (pH  1.2),  smooth,  coherent,  and 
strongly  adherent  coatings  were  obtained  at  a 
current  density  below  1.13  mA/cm2.  When  the 
applied  current  density  was  above  2.25  mA/cm2, 
coherent  coatings  were  obtained  after  a  30-min 
reaction,  but  the  coatings  were  brittle  and  sepa¬ 
rated  from  the  substrate.  Coherent,  smooth,  and 
strongly  adherent  coatings  still  could  be  obtained 
at  shorter  reaction  times.  The  potential  time 
curves  (Fig.  9)  were  very  similar  to  those  of  the 
medium  of  pH  2.7  with  the  0.1 M  electrolyte  con¬ 
centration.  The  properties  of  the  coatings  formed 
in  the  medium  of  pH  2.6  were  very  similar  to 
those  of  the  coatings  formed  in  the  medium  of  pH 
1.2,  that  is,  coherent  and  strongly  adherent  coat¬ 
ings  could  be  obtained  at  a  low  applied  current 
density.  The  quality  of  the  coatings  obtained  in 
higher  pH  mediums  was  not  very  good  either. 

Characterization  of  the  MPPy  Coatings 

The  results  of  the  elemental  analysis  of  the  costings 
formed  in  the  medium  of  pH  1.2  are  listed  in  Table 
I.  The  results  show  the  presence  of  oxygen  in  the 
■coatings,  indicating  that  the  electrolyte  "was  doped 
into  the  MPPy  coatings.  Assuming  that  HC204” 
was  the  counterion,15  the  degree  of  insertion  of  the 
counterion  was  calculated  to  be  0.39. 

Figure  16  shows  the  IR  spectra  of  the  MPPy 


Table  I  Results  of  the  Elemental  Analysis 
of  the  Coatings 


Elements 

Content  (%) 

C 

56.15 

H 

4.72 

N 

13.04 

O 

23.35 

coatings  formed  in  different  pH  mediums.  It  can 
be  seen  that  the  coatings  formed  in  the  different 
mediums  have  similar  IR  spectra.  The  character¬ 
istic  peaks  are  assigned  as  follows16,17,23,24:  The 
broad  peaks  occurring  at  3446-3424  cm”1  corre¬ 
spond  to  the  O — H  stretch  of  the  counterions.  The 
peaks  at  2932-2924  cm”1  are  attributed  to  the 
CH3  stretch  of  iV-methylpyrrole  units.  The  strong 
peaks  at  1712-1704  cm”1  and  1656-1653  cm”1 
are  characteristic  of  the  C=0  stretch  of  the  coun¬ 
terions.  The  three  weak  peaks  at  1442-1438, 
1382-1373,  and  1320-1319  cm”1  are  due  to  the 
ring  stretch  of  the  iV-methylpyrrole  unit.  The 
peaks  at  1159-1155  cm”1  are  perhaps  caused  by 


Figure  16  IR  spectra  of  the  MPPy  coatings  formed  in 
different  pH  medium,  [RX]  -  0.1M. 
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Figure  17  SEM  micrograph  of  MPPy  coatings  formed  at  different  conditions  0.56 
mA/cm2  (left),  1.13  mA/cm2  (right). 


the  C — 0  stretch  of  the  counterions.  The  peaks  at 
1062-1045  cm"1  are  due  to  the  C — H  in-plane 
deformation  of  the  N- methylpyrrole  units.  Those 
peaks  occurring  at  898-873,  824-807,  and  786- 
754  cm"1  are  due  to  C — H  out-of-plane  deforma¬ 
tion  of  the  iNT-methylpyrrole  units.  The  peaks  at 
608-578  cm"1  may  come  from  C — C — O  in-plane 
deformation  of  the  counterions.  Thus,  the  IR  re¬ 
sults  further  confirm  the  formation  of  MPPy  coat¬ 
ings  and  the  doping  of  the  counterions  in  the 
coatings. 

The  SEM  micrograph  for  the  the  MPPy  coat¬ 
ings  formed  in  different  conditions  is  shown  in 
Figure  17.  It  can  be  seen  that  the  steel  substrate 
is  uniformly  covered  by  the  MPPy  coatings.  The 
coatings  formed  in  different  conditions  all  show  a 
fine  microspheroidal  surface  morphology.  Overall, 
the  surface  of  the  coatings  was  very  smooth. 

CONCLUSIONS 

A  process  has  been  developed  for  the  aqueous 
electrodeposition  of  MPPy  coatings  onto  low  car¬ 
bon  steel  substrate.  This  process  combines  the 
formation  of  the  polymeric  coatings  and  the  dep¬ 
osition  of  the  coatings  onto  the  substrate  in  one 
process.  In  this  process,  no  pretreatment  was  per¬ 
formed  as  is  the  practice  in  traditional  coating 
techniques.  In  acidic  medium,  the  reactions  were 
characterized  by  an  induction  period.  The  induc¬ 
tion  time  is  the  time  it  took  to  form  passive  films 
on  steel.  It  decreased  dramatically  with  increas¬ 
ing  current  density.  It  was  also  varied  with  the 
pH.  The  shortest  induction  time  was  obtained  at 


pH  2.7  while  the  longest  induction  time  occurred 
at  pH  6.0.  The  induction  at  pH  1.4  was  shorter 
than  that  at  pH  4.1.  It  was  shown  that  the  induc¬ 
tion  time  was  increased  by  increased  electrolyte 
concentration.  The  properties  of  the  coatings  were 
also  influenced  by  the  electrochemical  process  pa¬ 
rameters.  To  prepare  coherent,  smooth,  and 
strongly  adherent  MPPy  coatings  on  steel  sub¬ 
strate,  the  electrochemical  process  parameters 
must  be  optimized. 

The  authors  wish  to  thank  the  Office  of  Naval  Re¬ 
search,  ONR’s  Young  Investigator  Program,  for  finan¬ 
cial  support. 
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Abstract 

Poly(N-methylpyrrole)  coatings  have  been  electrodeposited  on  steel  substrates  from  aqueous  oxalate  solutions. 
The  formation  process  of  the  coatings  was  found  to  be  different  between  acidic  and  basic  mediums,  in  an  acidic 
medium,  the  reactions  were  characterized  by  two  stages:  formation  of  the  passive  interphase  and 
electropolymerization  of  the  N-methylpyrrole.  The  composition  of  the  formed  interphase  and  poly(N-methylpyrrole) 
coatings  were  examined  by  infrared  spectroscopy  (IR)  and  X-ray  photoelectron  spectroscopy  (XPS).  Our  results 
show  that  the  interphase  formed  in  an  acidic  medium  is  composed  of  iron(Il)  oxalate  dihydrate.  The  formation  of 
poly(Af-methylpyrrole)  coatings  on  steel  occurred  after  the  passivation  of  steel  was  completed.  Interaction  between 
the  poly(Ar-methyl  pyrrole)  coatings  and  the  interphase  is  shown  by  the  broadening  of  the  -CO  absorption 
peak.  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Poly(/7-methylpyrroIe)  coatings;  Steel  substrate;  Interphase;  IR;  XPS 


1.  Introduction 

Aqueous  electrochemical  polymerization  is  now 
being  recognized  as  an  effective  technique  in  many 
fields,  especially  in  surface  modification  and  materials 
preparation  [1-9].  Among  them,  the  most  important 
application  for  the  electropolymerization  process  is 
perhaps  to  provide  metals  with  protective  coatings  [6- 
9].  Aqueous  electropolymerization  has  several  advan¬ 
tages  over  the  traditional  coatings  techniques  [1].  It 
may  eliminate  the  hazardous  and  environmentally 
unsafe  chromate  rinsing  process  used  in  the  traditional 
coating  technique  [2],  It  combines  the  formation  of  the 
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polymer  and  deposition  of  the  coating  in  one  process. 
The  reaction  process  can  be  easily  automated  [3].  The 
chemical  and  physical  properties  of  the  coatings  can  be 
adjusted  by  a  proper  choice  of  the  reaction  parameters 
[4].  Aqueous  solution  is  used  and  the  reactions  are  per¬ 
formed  at  room  temperature.  The  production  costs  are 
relatively  low. 

Recently,  electropolymerization  has  also  been  inves¬ 
tigated  as  a  technique  for  the  forming  of  conducting 
polymeric  coatings  on  oxidizable  metals  [10-16].  Since 
most  conducting  polymers  are  produced  by  oxidative 
processes,  formation  of  polymer  coatings  can  only 
occur  on  the  oxidizable  metal  substrates  when  the  elec¬ 
trochemical  conditions  can  lead  to  passivation  of  the 
metals  without  preventing  electropolymerization.  It 
was  found  that  only  a  few  electrochemical  systems  can 
meet'  this  requirement  [HM6].  Recently,  we  '  have 
developed  an  electrochemical  process  for  the  formation 
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Fig.  1.  Potential-time  curves  for  the  formation  of  MPPy  on  steel  in  different  pH  mediums,  [RXJ-0.1  M,  /'=0.56  mA/cnr. 


of  strongly  adherent  poly(N-methylpyrrole)  (MPPy) 
coatings  from  aqueous  oxalate  solutions.  In  our  pre¬ 
vious  paper  the  effects  of  electrochemical  parameters 
on  the  formation  process  have  been  systematically 
investigated  [16],  however,  the  mechanism  of  the  elec¬ 
trodeposition  process  was  not  fully  discussed.  In  this 
paper,  we  report  the  characterization  of  the  interphase 
and  the  electrodeposited  poly(A-methylpyrrole)  coat¬ 
ings  by  infrared  spectroscopy  (IR)  and  X-ray  photo¬ 
electron  spectroscopy  (XPS). 


2.  Experimental 

2.L . Electrochemical  reactions 

7V-methylpyrrole  and  oxalic  acid  were  Aldrich  pro¬ 
ducts.  Triethylamine  was  purchased  from  Fisher 
Scientific.  Aqueous  solutions  used  in  the  experiments 
were  made  from  deionized  water.  low  carbon  steel 
panels  with  a  thickness  of  0.5  mm  were  provided  by 
■Q-panel  Company.  The  as-received  steel  panels  were 
first  cut  into  small  pieces,  and  then  they  were  mechani¬ 


cally  polished  to  a  mirror  finish.  Finally  the  polished 
steel  sheets  were  degreased  with  tetrachloroethylene  for 
about  an  hour  prior  to  the  electrochemical  exper¬ 
iments. 

The  electrochemical  reactions  were  carried  out  in  a 
one-compartment  polypropylene  cell.  The  working 
electrode  used  was  a  QD  low  carbon  steel  sheet.  The 
counter  electrodes  consisted  of  two  titanium  alloy 
plates.  A  saturated  calomel  electrode  (SCE)  manufac¬ 
tured  by  Corning  Company  was  used  as  the  reference 
electrode.  The  electrochemical  reactions  were  per¬ 
formed  galvanostatically.  The  constant  current  was 
supplied  by  an  EG&G  Princeton  Applied  Research 
273A  Potentiostat/Galvanostat.  The  current  density 
used  in  this  experiment  was  varied  from  0,5  to  4  mA/ 
cm2.  The  concentration  of  the  monomer  was  kept  con¬ 
stant  at  0.05  M  for  all  the  experiments.  The  electrolyte 
concentration  was  varied  between  0.1  and  0.2  M.  The 
pH  of  the  solutions  containing  7V-methylpyrrole  and 
oxalic  acid  was  adjusted  between  T  to  9  by  addition  of 
triethylamine  (TEA).  After  each  experiment,  the  coated 
steel  sheet  was  rinsed  thoroughly  with  deionized  water 
and  methanol  and  dried  at  65°C  to  constant  weight. 
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Time  (ks) 

Fig.  2.  Potential-time  curves  for  the  formation  of  MPPy  on  steel  at  different  current  densities,  pH  1.2,  [OA]~0.2  M. 


2.2 .  Characterization 

The  reflection-absorption  infrared  spectra  (RAIR) 
of  the  samples  were  measured  by  a  BIO-RAD  FTS-40 
FIIR  spectrometer.  An  angular  specular  reflectance 
attachment  was  set  to  an  incident  angle  of  65°.  Spectra 
were  obtained  using  a  resolution  of  4  cm-1  and  were 
averaged  over  128  scans.  A  background  spectrum  of  a 
bare  polished  steel  substrate  was  subtracted  from  the 
acquired  spectra  in  all  cases.  In  the  case  of  trans¬ 
mission  IR,  the  spectra  were  obtained  by  the  means  of 
potassium  bromide  (KBr)  pellets. 

A  Perkin-Elmer  model  5300  XPS  spectrometer  with 
Mg  Ka  X-rays,  operating  at  300  W  and  15  kV  dc,  was 
used  to  obtain  XPS  spectra.  An  Apollo  computer  sys¬ 
tem  with  Perkin-Elmer  software  was  used  for  data  ac¬ 
quisition  and  processing.  XPS  spectra  were  recorded  at 
take-off  angles  of  45°.  The  take-off  angle  was-  defined 
as  the  angle  between  the  sample  surface  and  the  direc¬ 
tion  of  propagation  of  the  exiting  photoelectrons. 
Binding  energies  are  quoted  relative  to  hydrocarbon 
Cls  at  285.0  eV. 


3.  Results  and  discussion 

3.1.  Electrode  portion  process 

The  formation  process  of  poly(N-nrethylpyrrole) 
(MPPy)  coatings  on  steel  substrates  was  first  investi¬ 
gated  with  0.1  M  electrolyte  concentration  in  different 
pH  mediums  at  the  applied  current  density  of  0.56 
mA/cm2.  The  corresponding  potential-time  curves  are 
shown  in  Fig.  1.  It  is  very  interesting  to  note  that  the 
formation  process  of  poly(Af-methyl pyrrole)  coatings 
on  steel  is  characterized  by  two  distinct  stages  in  acidic 
medium.  The  reaction  potential  remained  negative  in 
the  first  stage,  but  It  rose  sharply  to  the  polymerization 
potential  of  TV-methylpyrrole  at  the  end  of  the  first 
stage.  At  this  current  density,  the  polymerization  po¬ 
tential  of  N-methylpyrrole  didn’t  change  much  with 
time.  In  contrast,  the  reaction  potential  rose  immedi¬ 
ately  to  the  polymerization  potential,  of  N-methylpyr~ 
role  in  basic  medium.  The  behavior  of  the  reaction  in 
a  basic  medium  is  expected  because  application  of  an 
anodic  potential  to  iron  immersed- in  a  basic  medium 
will  bring  about  the  passivation  of  the  iron  [17]. 
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Fig.  3.  RAIR  spectra  of  the  interphase  formed  in  different  pH  mediums. 


In  an  acidic  medium,  the  first  stage  of  the  reaction 
can  be  regarded  as  the  induction  period  for  the  polym¬ 
erization  of  N-methylpyrrole.  The  passivation  of  the 
steel  was  perhaps  due  to  the  formation  of  an  inter¬ 
phase  at  the  end  of  the  first  stage.  It  can  be  seen  from 
Fig.  1  that  the  pH  of  the  acidic  medium  had  significant 
effects  on  the  induction  time.  When  other  reaction  par¬ 
ameters  were  kept  the  same,  induction  time  was  short¬ 
est  in  the  reaction  medium  of  pH  2.7  while  it  became 
longest  in  the  medium  of  pH  5.7.  As  shown  in  Fig.  1, 
no  passivation  of  steel  was  established  in  the  medium 
of  pH  5.7  even  after  30  min  reaction.  Overall,  the  in¬ 
duction  time  was  changed  with  pH  of  the  reaction 
medium  according  to  following  sequence: 

*pH=5.7  >  TpH=3.9  >  Vfal.4  >  TpH=2,7-  (1) 


,  The  effect  of  current  density  on  the  formation  pro¬ 
cess  was  investigated  in  the  reaction  medium  with  0.2 
M  oxalic  acid  (pH  1.2).  As  shown  in  Fig.  2,  the  induc¬ 
tion  time  decreased  dramatically  with  increasing  cur¬ 
rent  density.  The  electropolymerization  potential 
maintained  roughly  constant  at  a  current  density  of 
0.56  mA/cm2.  At  1.13  mA/cm2,  the  polymerization  po¬ 
tential  increased  slowly  with  time.  When  the  current 
density  was  increased  to  2.25  and  3.38  mA/cm2,  the 
electropolymerization  potential  first  increased  very 
rapidly  with  reaction  time,  then  tended  to  level  off. 
The  potential-time  curves  for  the  formation  of  poly(W- 
•methylpyrrole)  are  different  from  those  for  the  for¬ 
mation  of  polypyrrole.  The  polymerization  potential  of 
pyrrole  was  very  steady  during  the  second  stage  [15]. 
This  may  be  due  to  the  relatively  low  conductivity  of 
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the  poly(N-methylpyrrole)  films  compared  to  polypyr¬ 
role  films. 

3.2.  Characterization  of  the  inter  phase 

The  interphase  samples  were  obtained  by  stopping 
the  electrochemical  reactions  at  the  end  of  the  induc¬ 
tion  period.  Fig.  3  shows  the  RAIR  spectra  for  the 
interphase  formed  at  0.56  mA /cm2  in  different  pH 
mediums.  The  sample  obtained  in  the  medium  of  pH 
6.0  was  prepared  at  0.56  mA/cnv2  for  30  min.  There  is 
not  much  difference  In  RAIR  spectra  of  the  interphase 
formed  in  different  pH  reaction  mediums.  Even  though 
the  passivation  of  the  steel  substrate  was  not  estab¬ 
lished  in  the  medium  of  pH  5.7,  the  sample  still  shows 
a  spectrum  similar  to  the  other  interphase.  Fig.  4 


shows  the  RAIR  spectra  of  the  interphase  formed  at 
different  current  densities  in  the  medium  of  0.2  M  oxa¬ 
lic  acid.  The  spectra  of  the  interphase  obtained  at 
different  applied  current  densities  are  also  very  similar. 
From  these  measurements,  it  seems  that  the  interphase 
formed  in  different  reaction  conditions  has  the  same 
composition. 

Fig.  5  compares  the  IR  spectrum  of  the  interphase 
with  those  of  FeC204-2H20  and  Fe2(C204)r6H20. 
The  IR  spectra  of  the  two  model  compounds  were 
done  by  transmission  mode.  The  two  iron  oxalate 
model  compounds  show  different  IR  spectra.  In  the 
spectrum  of  T£2(C204)3’6H20,  there  is  a  very  strong 
C-0  stretch  peak  around  1264  cm'1,  which  is  absent 
in  the  spectrum  of  FeC204’2H20.  The  O-H  stretch 
peak  of  Fe2(C204)3«6H20  occurs  around  3558  cm"1. 


3326 


W.  Su,  J.O .  Irofi  /  Eleclrochimica  Acta  44  (1999)  3321-3332 


which  is  about  200  cm”1  higher  than  that  of 
FeC204-2H20.  It  can  be  seen  from  Fig.  5  that  the  IR 
spectrum  of  the  interphase  is  very  similar  to  that  of 
FeC204-2H20.  The  main  absorption  bands  for  the 
interphase  are  assigned  as  follows  [18-22]:  The  peaks 
at  3342-3304  cm-1,  correspond  to  O-H  stretch.  The 
peaks  around  1695-1675,  1662-1635  and  15 99-1581 
cirT1  are  characteristic  of  C=0  stretch.  The  peaks 
located  at  1364-1360  and  1322-1315  cm"1  are  due  to 
C-O  stretch.  The  peaks  at  828-818  cm-"1  come  from 
0-0=0  in-plane  deformation.  The  peaks  at  743-723 
cm-1  are  perhaps  caused  by  0-0=0  in~plane  defor¬ 
mation  and  Fe-0  stretch.  The  peaks  at  .553-539  and 
510-502  cm-1  are  due  to  0-0-0  in-plane  defor¬ 
mation,  Although  the  IR  spectra  of  the  iriterphase 
fanned  by  different  reaction  parameters  are  basically 


the  same,  a  small  difference  still  exists  for  some  peaks 
due  to  polar  groups.  For  example,  the  shape  of  the 
peaks  due  to  O-H  and  C=0  groups  varies  with  reac¬ 
tion  conditions.  The  detailed  mechanism  is  not  clear  so 
far,  perhaps  these  peaks  are  influenced  by  the  orien¬ 
tation  of  the  FeC204-2H20  molecules. 

XPS  measurements  can  also  be  used  to  distinguish 
Fe(II)  from  Fe(III).  Fig.  6  shows  the  Fe(2p)  spectra  of 
the  interphase'  fonned  at  0.56mA/cm2  in  different  pH 
mediums  with  0.1  M  electrolyte  concentration.  Fig.  7 
shows  the  Fe(2p)  spectra  of  the  interphase  formed  at 
two  different  current  densities  in  the  medium  with  0.2 
M  oxalic  acid.  The  Fe(2p)  spectrum  of  the  iron(Il) 
oxalate  dihydrate  is  also  shown  in  Fig.  8  for  compari¬ 
son.  It  can  be  seen  that  the  Fe(2p)  spectra  of  the  inter- 
phase  formed  under  different  experimental  conditions 
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Wavenumber  (cm-1) 

Fig.  8.  IR  spectra  of  MPPy  coatings  formed  in  different  pH  mediums. 


are  very  similar  and  they  are  also  very  similar  to  that 
of  the  iron(II)  oxalate  dihydrate.  The  position  of  the 
shake-up  satellites  in  the  valley  between  2p3/2  and  2pj/2 
is  generally  used  to  distinguish  Fe(II)  from  Fe(III). 
For  the  interphase  formed  in  an  acidic  medium,  the 
shake-up  satellites  are  on  the  lower  binding  energy  side 
of  the  valley,  which  is  characteristic  for  Fe(II)  [23]. 
For  Fe(III),  the  satellite  should  be  on  the  higher 
energy  side  of  the  valley. 

From  the  above  IR  and  XPS  results,  it  can  be  seen 
that  the  passive  iriterphase  formed  under  different  ex¬ 
perimental  conditions  completely  consists-  of 
FeC^CVTFFC).  The  compound  is  perhaps  produced  "by 
the  following  two  reactions: 

Fe  -  2e — >Fe2  \  (2) 


Fe2+  +  C20\~  +  2H20 — ►FeC204  •  2H20.  (3) 


When  the  steel  substrate  was  completely  covered  by 
iron(II)  oxalate  dihydrate,  the  interphase  was  formed. 
The  interphase  formed  insulated  the  steel  substrate 
from  the  electrolyte  solutions  and  passivated  it.  Higher 
current  density  provided  a  higher  formation  rate  of 
FeC204-2H20,  resulting  in  a  shorter  formation  time  of 
the  interphase.  The  effect  of  pH  of  the  reaction  med¬ 
ium  on  the  formation  time  of  the  interphase  is  not  well 
understood  so  far.  Maybe  the  solubility  of  the 
FeC204-2H20  is  significantly  different  in  different  pH 
mediums.  The  solubility  of  FeC204-2H20  in  the  med¬ 
ium  of  pH  5.7  is  perhaps  very  large,  thus  it  takes  a 
very  long  time  for  FeC204-2H20  to  precipate  on  steel. 


3330 


W.  Su,  J.O,  Iroh  I  Electrochimica  Acta  44  (1999)  3321-3332 


Fig.  9.  XPS  survey  spectra  of  the  poly(N-inethylpyrrole)  coatings. 


3.3 .  Characterization  of  the  poly  (N-methylpyr role) 
coatings 

Fig.  8  shows  the  transmission  IR  spectra  of  the 
poly( //-methyl pyrrole)  coatings  formed  in  different  pH 
mediums.  It  can  be  seen  that  the  coatings  formed  in 
different  mediums  have  similar  IR  spectra.  The  charac¬ 
teristic  peaks  are  assigned  as  follows  [18,24-27]:  The 
broad  peaks  occurring  at  3446-3424  cm”1  correspond 
to  the  O-H  stretch  of  counterions.  The  peaks  at  2932— 
2924  cm" 1  are  attributed  to  the  CH3  stretch  of  the  N- 
methylpyrrole  units.  The  strong  peaks  at  1712-1704 
cm”1  and  1656-1653  cm”1  are  characteristic  of  the 
OO  stretch  of  the  counterions.  The  three  weak  peaks 
at  1442-1438,  1382-1373  and  1320-1319  cm”1  are  due 
to  the  ring  stretch  of  the  /V-methylpyrrole  unit.  The 
peaks  at  1159-1155  cm”1  are  perhaps  caused  by  the 
C-O  stretch  of  the  counterions.  The  peaks  at  1062— 
1045  cm"1  are  due  to  C-H  in-plane  deformation  of  the 
A-methylpyrrole  units.  Those  peaks  occurring  at  898- 
873,  824-807  and  786-754  cm”1  are.  due  to  C-H  out- 
of-plane  deformation  of  N-methylpyrrole  units.  The 
peaks  at  608-578  cm”1  maybe  come  from  C-C-O  in¬ 
plane  deformation  of  the  counterions.  Thus  the  IR 
results  confirm  the  formation  of  poly^-methylpyrrole) 
coatings  and  the  doping  of  the  counterions  in  the  coat¬ 
ings. 

Fig.  9  shows  the  XPS  survey  spectra  of  the  poly(/V- 
methylpyrrole)  coatings  formed  at  1.13  mA/cm2  in  the 
medium  with  0.2-  M  oxalic  acid  for  30  min.  It  can  be 
seen  that  the  iron  signal  has  completely  disappeared 


for  this  sample,  indicating  that  the  substrate  was  com¬ 
pletely  covered  by  the  poIy(N-methylpyrrole)  coatings. 
XPS  analysis  of  the  polyCN-methylpyrrole)  coalings 
shows  the  presence  of  C  (73.19%),  O  (16.77%),  and  N 
(10.01%).  The  O  element  might  come  from  hydrogen 
oxalate  ions  which  were  dopped  into  the  poly(/V- 
methylpyrrole)  coatings  as  counterions.  According  to 
the  atomic  concentration  of  the  N  and  O  elements,  the 
degree  of  insertion  of  the  counterions  was  estimated  to 
be  about  0.42,  which  is  very  close  to  the  value  of  0.39 
obtained  by  elemental  analysis  [16]. 

Fig.  10  shows  the  curve-fitted  Cls,  Nls  and  Ols 
spectra  of  poly(Ar-methylpyrrole)  coatings. 
Deconvolution  of  the  Cls  signal  leads  to  four  main 
components  at  285.0,  286.4,  288.0  and  289.0  eV  with 
relative  intensities  62:21:11:6.  The  four  components 
can  be  attributed  to  C-C,  C-N,  0=0  and  0=0-0 
groups,  respectively  [28].  The  Nls  signal  consists  of 
only  one  peak  centered  at  400.4  eV.  The  Ols  signal  is 
quite  broad  and  can  be  decomposed  into  two  com¬ 
ponents  at  531.8  and  533.4  eV  with  relative  intensities 
close  to  70:30.  The  two  components  correspond  to 
0=0  and  0=0-0  groups,  respectively  [29].  The  0=0 
and  Q=C-0  groups  mentioned  above  perhaps  mainly 
come  from  the  hydrogen  oxalate  counterions. 


4.  Conclusion 

Poly  (//-methylpyrrole)  coatings  have  been  success¬ 
fully  electrodeposited  on  steel  substrate  from  oxalate 
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solutions.  An  interphase  was  automatically  formed  on 
steel  substrates  in  an  acidic  medium  during  the  electro¬ 
deposition  process.  The  composition  of  the  interphase 
was  found  to  be  iron(II)  oxalate  dihydrate  regardless 
of  the  reaction  conditions.  The  formation  time  of  the 
interphase,  however,  was  dependent  on  electrochemical 
parameters  such  as  the  pH  of  the  reaction  medium  and 
the  applied  current  density.  The  formation  of  the 
poly  (TV-met  hylpyrrole)  coatings  and  the  disappearance 
of  the  interphase  was  also  confirmed  by  IR  and  XPS. 
The  oxalate  counter  ions  were  incorporated  into  the 
poly(/V~methylpyrroie)  coatings. 
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